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ABSTRACT
We are living an era wherein nanoparticles (NPs) have been widely applied in our
lives. Dendrimers are special polymeric NPs with unique physiochemical properties,
which have been intensely explored for a variety of applications. Current studies on
dendrimers are bottlenecked by insufficient understandings of their structure and dynamic
behaviors from a molecular level. With primarily computational approaches
supplemented by many other experimental technics, this dissertation aims to establish
structure-function relationships of dendrimers in environmental and biomedical
applications. More specifically, it thoroughly investigates the interactions between
dendrimers and different biomolecules including carbon-based NPs, metal-based NPs,
and proteins/peptides. Those results not only provide profound knowledge for evaluating
the impacts of dendrimers on environmental and biological systems but also facilitate
designing next-generation functional polymeric nanomaterials.
The dissertation is organized as following. Chapter 1 provides an overview of
current progresses on dendrimer studies, where methodology of Discrete Molecular
Dynamics (DMD), my major research tool, is also introduced. Two directions of utilizing
dendrimers will be discussed in following chapters. Chapter 2 will focus on
environmental applications of dendrimers, where two back-to-back studies are presented.
I will start from describing some interesting observations from experiments i.e.
dendrimers dispersed model oil molecules. Then, I will reveal why surface chemistries of
dendrimers lead to different remediation efficiencies by computational modelings.
Finally, I will demonstrate different scenarios of dendrimer-small molecules association.
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Chapter 3 is centered on dendrimers in the biomedical applications including two
subtopics. In the first topic, we will discuss dendrimers as surfactants that modulating the
interactions between proteins and NPs. Some fundamental concepts regarding to NPsProtein interactions such as NP-protein corona are also explained. In the following topic,
I will look into amyloid protein aggregation mediated by dendrimers, which is of high
expectations for combating amyloidogenic-related diseases. Chapter 4 concludes the
whole dissertation. It also briefly introduces my ongoing projects and future research
directions about dendrimers.
This dissertation has presented a systematic study of dendrimers in environmental
and biomedical applications which might provide valuable information for future
dendrimer design thus benefit the nanobiotechnology.

iii

DEDICATION
To my parents, for their unconditional support and love.

iv

ACKNOWLEDGMENTS
I would like to thank a lot of people who have been guiding me and supporting
me along with my Ph.D. journey.
First of all, I would like to thank my committee members. My advisor Dr. Feng
Ding is such a great mentor. He is so knowledgeable and always ready to help when I
have questions. Dr. Emil Alexov is a good friend. He provides nice suggestions and
visions when I discuss with him about my research ideas. Dr. David Lander is the best
committee member you can expect. As he has a unique background, meeting with him
always gives me a lot of inspirations. Dr. He always encourages me to conquer the
difficulties and achieve academia success.
I also owe great gratitude for my longtime collaborator Dr. Pu Chun Ke, who is in
Monash University (Australia) leading a bio-nano center. And I always refer him as my
“mysterious fifth committee member”. We have more than 10 publications together and
there’re definitely more to come in the future.
At last, I would like to thank fellow young talents in my groups. It’s such a great
time to working with you.

v

TABLE OF CONTENTS
Page
TITLE PAGE .................................................................................................................... i
ABSTRACT..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
LIST OF TABLES ........................................................................................................viii
LIST OF FIGURES ........................................................................................................ ix
CHAPTER
I.

AN OVERVIEW OF DENDRIMERS .......................................................... 1
Dendritic polymers at a glance ................................................................ 1
Toxicities of dendrimers and dendrimer-protein
interactions ......................................................................................... 8
Investigating structure-function relationships of
dendrimers........................................................................................ 11

II.

DENDRIMERS IN ENVIRONMENTAL
APPLICATIONS ................................................................................... 17
Structure-function relationships of dendrimers ..................................... 17
Mechanisms of dendrimer-small molecules binding ............................. 39

III.

DENDRIMERS IN BIOMEDICAL APPLICAITONS ............................... 64
Dendrimers as surfactants ...................................................................... 64
Dendrimers inhibit protein amyloid aggregations ................................. 93

IV.

CONCLUSION .......................................................................................... 120

vi

Table of Contents (Continued)
Page
APPENDICES ............................................................................................................. 129
A:
B:
C:
D:
E:

Supporting Information for the study
“Structure-function relationship of dendrimers” ................................. 130
Supporting Information for the study “Mechanisms of
dendrimer-small molecules binding” ................................................... 134
Supporting Information for the study “Dendrimers as
surfactants” .......................................................................................... 137
Supporting Information for the study “Dendrimers
inhibit protein amyloid aggregations” ................................................. 141
Copyright permissions ............................................................................... 144

REFERENCES ............................................................................................................ 155

vii

LIST OF TABLES
Table

Page

2.1

Characterization of PAMAM Dendrimers ................................................... 26

2.2

Comparison of Rg in PAMAM dendrimers
from various works ................................................................................ 30

2.3

Enthalpy and entropy changes for various
dendrimer-ligand systems. ..................................................................... 52

3.1

The secondary structure contents of ALact at T=300K ............................... 86

B1

Radius of gyration and ellipiticity of G4-PAMAM
dendrimer ............................................................................................. 136

viii

LIST OF FIGURES
Figure

Page

1.1

Schematic presentation of the dendritic family ............................................. 2

1.2

Divergent and Convergent approaches for dendrimer
synthesis ................................................................................................... 3

1.3

Structures and functions of PAMAM dendrimers ......................................... 5

1.4

Main formulation, route of administration and targets
using dendrimers ...................................................................................... 7

1.5

Toxicities of dendrimers ................................................................................ 9

1.6

Conformations of PEGylated PAMAM-G4 dendrimers.............................. 11

1.7

Discrete Molecular Dynamics (DMD) simulations ..................................... 14

2.1

The concentration of dendrimer-associated
phenanthrene .......................................................................................... 19

2.2

Radius of gyration (Rg) for PAMAM-based dendrimers
with different surfaces chemistries ........................................................ 29

2.3

The fluorescence excitation and emission spectra of
model dendrimer-oil system .................................................................. 34

2.4

The concentration of dendrimer-associated PN as a
function of temperature. ......................................................................... 36

2.5

Binding simulations of one hydrocarbon ligand
interacting with a single dendrimer........................................................ 52

2.6

Simulations of twenty hydrocarbons interacting with
a single dendrimer. ................................................................................. 55

2.7

Thermostability of hydrocarbon clusters. .................................................... 57

2.8

Association simulations of droplet binding with two
dendrimers.............................................................................................. 59

ix

List of Figures (Continued)
Figure

Page

2.9

Simulations of multiple hydrocarbons interacting with
two dendrimers....................................................................................... 61

3.1

TEM images of NPs, proteins and NP-Protein corona ................................ 76

3.2

DLS measurement of bAgNP-lysozyme in heating
and cooling process ................................................................................ 79

3.3

DLS measurement of bAgNP-ALact in heating
and cooling process ................................................................................ 80

3.4

Changes in the secondary structures of lysozyme
and ALact upon binding with bAgNPs. ................................................. 82

3.5

The folding thermodynamics of lysozyme and ALact
derived from DMD simulations ............................................................. 84

3.6

The binding between a bAgNP and lysozyme and
ALact...................................................................................................... 87

3.7

The thermodynamics of bAgNP binding with proteins ............................... 89

3.8

TEM and high-throughput DLS characterizations of
hIAPP aggregation and its inhibition by G3
PAMAM-OH dendrimers .................................................................... 103

3.9

ThT assay showing the effect of G3 PAMAM-OH
dendrimer on hIAPP aggregation......................................................... 106

3.10

Binding residues and secondary structural changes of
hIAPP upon binding to dendrimers...................................................... 110

3.11

Changes of inter-hIAPP contacs and hbonds with
the presence of dendrimers .................................................................. 112

3.12

Dimerization simulations of hIAPP with and without
a G3 PAMAM-OH dendrimer ............................................................. 115

3.13

NIT-1 cells treated with PAMAM-OH ..................................................... 116

x

List of Figures (Continued)
Figure

Page

3.14

G3 PAMAM-OH dendrimer protects β-cells
from hIAPP-induced cell death............................................................ 118

A1

The total concentration of phenanthrene in water or
dendrimer solution as function of temperature ................................... 130

A2

A representative simulation trajectory of Rg as
function of time for a G4-NH2 dendrimer............................................ 130

A3

The radius of gyration of NH2 terminated PAMAM
dendrimers of generation 1-5 ............................................................... 131

A4

The radial atom distribution and radial density
distribution functions for PAMAM G2 to G5...................................... 132

A5

Radial density profile of G4-NH2 at different pH ...................................... 133

B1

The binding probability per ligand ............................................................ 134

B2

The radial density distributions of counter ions......................................... 135

B3

The potential of mean force (PMF) of one C16
binding with one PAMAM dendrimer ................................................. 136

C1

DLS measurement of bAgNP-lysozyme in
heating and cooling process ................................................................. 137

C2

DLS measurement of bAgNP-ALact in
heating and cooling process ................................................................. 138

C3

The CD spectra of protein secondary structures
in exposure to bAgNPs ........................................................................ 138

C4

The binding of capping molecules to an AgNP ......................................... 139

C5

The binding of multiple PEI molecules with
an AgNP surface .................................................................................. 139

C6

Intermediate and native structure of lysozyme .......................................... 140

xi

List of Figures (Continued)
Figure

Page

D1

TEM image of PAMAM-OH dendrimer ................................................... 141

D2

The number of contacts as a function of time for
ten simulated hIAPP-Dendrimer systems .................................................. 142

D3

G3 PAMAM-OH dendrimer protects NIT-1 β-cells
from hIAPP-induced cell death at a dendrimer/peptide
molar ratio of 1:1 ................................................................................. 143

D4

Averaged binding frequency and number of atomic
Contacts of hIAPP dimer binding to dendrimer .................................. 143

xii

CHAPTER ONE
AN OVERVIEW OF DENDRIMERS
Dendritic polymers at a glance
The name of dendrimers is adapted from Greek word “Dendron”, which refers to
branches or trees.1 Besides dendrimers, other tree-like polymers (often termed as
dendritic polymers) include hyperbranched polymers, dendrigrafts and dendronized
polymers (Fig. 1.1).2 A historical perspective of dendrimer studies, especially on the
discovery of dendritic polymers, was well introduced by Donald A. Tomalia and Jean M.
J. Frechet.3 Since the first synthesis by Flory4, dendritic polymers have received a lot of
attentions due to the fact that they are representing the fourth major class of
macromolecular architectures and a frequently observed structure in nature (such as trees
in ecosystem or neurons network in humanbody).5 Compared to other members of
dendritic polymers, dendrimers are highly controlled in synthesis while appearing in a
nearly perfect symmetrical conformation. Therefore, they are always picked as model
polymers.

1

Figure 1.1 Schematic presentation of the dendritic family2. Reprinted with the permission from RSC.

After decades of explorations and optimizations, the general strategies for
dendrimers’ synthesis could be summarized into two categories i.e. divergent approach
and convergent approach (Fig. 1.2).6,7 However, several new approaches have also been
reported with much improved efficiency including orthogonal chemistries, ‘click’
chemistries, fast non-‘click’ chemistries, hypercores and self-assembling dendrimers.5,8
As a result, the production of dendrimers has gradually stepped out of the academic labs
and entered into industry. And some common dendrimers species have already become
commercially available. Examples are poly-amide-amine PAMAM (StarburstTM), polyetherhydroxily-amine PEHA (PriostarTM), polyropyleneimine PPI (AstramolTM). 9
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Figure 1.2 Divergent and Convergent approaches for dendrimer synthesis.10 Reprinted with the permission
from Elsevier.

Dendrimers are completely artificial macromolecules. So they are typically named
after the monomers which they are constructed from. Dendrimers are also classified by
“generations” i.e. how many branching layers they comprise of. Naturally, the size and
number of atoms in a dendrimer are significantly increasing with the growing generation
(Fig 1.3A). Over the years, striking efforts have been made on the atomistic
characterization of dendrimers through both experimental and computational technics.
Due to the large energetically permissible conformation space of dendrimers, it is
difficult to probe the structural information through some traditional methods like
diffraction, infrared or NMR.11 And the first precise experimental measurement on
dendrimers was performed by size exclusion chromatography (SEC), while results from
small-angle neutron scattering (SANS), small-angle X-ray scattering as well as many
other technics were also compared as references. 12–14 Growing evidences from existing

3

experimental measurements implied that dendrimers adopts remarkable monodispersed
conformations.5 These observations was further verified by the Molecular Dynamics
(MD) simulations, which were powerful tools in providing atomistic details.15 The first
computational work on dendrimers was performed by Goddard and co-workers on the
system of PAMAM dendrimers.16,17 They found that among different generations (G1G6), low generation dendrimers are less symmetrical comparing to high generation
dendrimers. Another remarkable computational work was conducted by Maiti et al., who
thoroughly investigated the structural properties of PAMAM dendrimers of G1-G11.11
They not only verified that dendrimers of Generation 3-11 demonstrate a monodispersed
and homogeneous structure but also provided a quantitative relationship between the size
and the number of comprising monomers i.e. Rg ~ N1/3.11 Current progresses on
dendrimer study from theoretical and computational approaches have been nicely
reviewed by several groups including Tian et al. and Martinho et al. 15,18 Some important
conclusions are listed as following: 1) Dendrimers demonstrate a well-defined structure
comprising of three major components, namely, core, interior and shell. 2) Due to the
unique physiochemical properties, dendrimers are perfect candidates for delivery
vehicles/nanocontainer. And depending on the types of “cargos”, dendrimers could ether
load them inside the “protected” interior or conjugate them at the surface (Fig. 1.3B). 3)
As dendrimers grow like fractals and are spherical in shape, calculations from radial
density distribution illustrated that surface atom density is more sensitive with the
increasing generation. Therefore, in high generation dendrimers (G11 and beyond), the
surface will completely seals the interior space so that the whole dendrimers turn into a
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“hard-sphere”. This phenomenon is also referred as Gennes dense packing limit (Fig.
1.3B).19 4) Environmental factors like the properties of the solvent (good or poor), ionic
strength, pH etc. also play big roles in determining the conformations of dendrimers (Fig.
1.3C). Understandably, a dendrimer whose interior is rich in hydrophobic components
will become more compact in good solvent yet more expanded in poor solvent. Also, if
the dendrimers are charged (i.e. easily protonated/deprotonated), the protonation states of
charge atoms may altered in different condition thus leading to conformational changes
of dendrimers.

Figure 1.3 Structures and functions of PAMAM dendrimers. A) Snapshots of G1-4 PAMAM dendrimers
in equilibrium conformations obtained from DMD simulations. B) Structures and functionalities of
PAMAM dendrimers from G0-G10. The distances between surface charges are noted as Z-Z distance.5 C)
Radial density distribution of the G4 PAMAM dendrimer at different pH calculated by DMD simulation.
C) reprinted with the permission from Elsevier.
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Dendrimers possess many biomimetic properties and often considered as
“artificial proteins” since they are dimensional similar to actual proteins.21 Starting from
their birth, dendrimers are of high biomedical expectations especially working as drug
delivery vehicles, imaging agents, gene transfection agents or drugs.8 A couple of nice
reviews on biomedical applications of dendrimers could be found elsewhere.1,5,9,10,15,18,22
Interestingly, the study of dendrimers has such a great influence on the field of
biomedicine that several new concepts have been proposed along the time. For example,
“Dendritic effect” was used to describe unique physiochemical properties of dendrimers
that are evolving with generation level, which was also closely related to critical
nanoscale design parameters (CNDPs).23 “Dendrimer space” (Fig 1.4) was first proposed
by Mignani et al that affords a new paradigm of thought for medicinal chemists and
opens new promising avenues toward the identification of original dendrimer-based
drugs.24,25 To better facilitate the dendrimer-based drug screening process, a variety of
toolboxes have been developed by the researchers from computational background (such
as Dendrimer Builder Toolkit (DBT) from Maiti and coworkers26).
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Figure 1.4 Main formulation, route of administration and targets using dendrimers.24 Reprinted with the
permission from Elsevier.

Dendrimers could also be applied into other applications such as environmental
pollution remediation. A nice perspective on this topic was provided by Bhattacharya et
al.27 For instance, motivated by 2010 Deepwater Horizon Oil Spill, Geitner et al.
examined the interactions of PAMAM dendrimers and hyperbranched poly(ehyleneimine)
polymers with model linear and polyaromatic hydrocarbons. They found that both types
of dendritic polymers were able to host model carbons yet yielding different
mechansims.28 On another study, DeFever et al. simulated naphthalenes encapsulated by
PAMAM dendrimers of G3-G6 suggesting that dendrimers are able to remove
contaminants from water.29 Despite the current advances of applying dendrimers into
different applications, it is still far from a established procedure to translate dendrimers
into clinic or commercial use. More specifically, knowledge are greatly lacking in
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following two aspects: 1) what’s the impacts of dendrimers on environmental system and
biological system? 2) What’s the structure-function relationships of dendrimers?

Toxicities of dendrimers and dendrimer-protein interactions
NPs are circulating within environmental systems and eventually enter a given
biological body via different paths. The corresponding impacts are often evaluated by
toxicities or biocompatibilities. Duncan and Izzo nicely summarized current
understandings of dendrimer biocompatibility and toxicity.30 They introduced that
although dendrimers are unique in conformations, their toxicities are no significant
different from a typical polymeric NP such as copolymers.30 Therefore, existing
handbooks in terms of toxicities of other polymeric NPs are providing nice references to
those of dendrimers.
It is well-known that NPs are able to interact with a variety of biocomponents due
to their large surface-to-volume ratio.31 Therefore, it is critical to explore the dendrimerbiomolecules interactions, which has a two-fold meaning: firstly, understanding those
interactions could possibly elucidates the origin of dendrimer toxicity; secondly,
considering the wide biomedical applications of dendrimers, we aim to reveal the binding
mechanisms thus improving the functionalities of dendrimers. Growing evidences from
experiments and computational studies indicated that electrostatic interactions are the
major driving force between charged dendrimers and biomolecules (Fig 1.5A). 9,15,30,32
And a cationic surface is responsible for most toxic effects (Fig 1.5B). A well-known
example is cationic PAMAM dendrimers, which causes cell death across different cell
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lines tests.30,32,33 Other factors that may cause toxic effects include the types of core and
generations. While the core is shielded inside the dendrimer most of time, it might be
exposed in changing environmental conditions or while dendrimers-biomolecules
complexing. This is because dendrimers are soft polymeric nanoparticles and easily
altered in conformation. In addition, hydrophobic interactions may also participate in
dendirimer-biomolecules association especially for non-charged dendrimers.9,30 As the
toxicity often caused from the accessible surface terminal groups, high generation
dendrimers are more likely reduced in toxicity due to the surface rigidity and crowding.30

Figure 1.5 A) the mechanisms of interactions between dendrimers and proteins.9 B) DIC and fluorescence
overlaid images of amoebae. Controls (a-c) with no dendrimers, cells incubated with 10 µM SCC-labeled
dendrimers alone (d-f) and cells incubated with 10 µM PN-loaded SCC-labeled dendrimers (g-i). Scale bar:
10 µM32. A) reprinted with the permission from Elsevier, B) reprinted with the permission from RSC.

Different strategies have been proposed to eliminate toxicity while the most
popular one, also known as “anti-fouling”, is substituting toxic surface terminal groups
into non-toxic ones. For instance, once modified the cationic surface of PAMAM
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dendrimers by neutral or anionic derivatives the toxicities were observed significantly
dropped, which is most likely due to the interactions between dendrimers and the
underlying biocomponents were reducing.30 Grafting NPs with polyethylene glycol (PEG)
has already become “gold standard” for “anti-fouling”. Therefore, the structural and
physiochemical properties of PEGylated dendrimers have been investigated by many
studies, which concluded that variables like dendrimer generations, PEGylation densities,
and molecular weights of PEGs could significantly alter the microstructure of PEGylated
dendrimers (Fig. 1.7).34–36 Despite the fact that surface modifications improve the
biocompatibilities of dendrimers, they may be at the penalty of reducing loading
efficiency. For intense, in the case of PAMAM-based dendrimers, a negatively charge
surface might be back-folded making contact with the interior protonated amines thus
occupying the interior space.37 Long PEG chains might also create a “PEG cloud” thus
preventing drug loading and releasing.34 In summary, it still requires much more
computational and experimental tests to verify optimized structures for dendrimers.
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Figure 1.6 Radial distribution functions (RDFs) and structural representations of PEG chains in PEGylated
PAMAM-G4 systems obtained from simulations. Water molecules and counter ions have been omitted for
better visualization. 35 Reprinted with the permission from John Wiley and Sons.

Investigating structure-function relationships of dendrimers
With increasing knowledge, we were gradually building up libraries that capture
the functionalities of dendrimers of different species and generations. For example, low
generation dendrimers like G1-G3 have been used as flexible scaffolding; G4-G5
dendrimers are nanocontainers utilizing their encapsulating abilities; G6-10 are used like
rigid scaffold nanoparticles (Fig 1.3B).5 Much efforts have also been put on screening
dendrimer-based pharmaceuticals or strategies of loading drugs on dendrimers.24,25 More
specifically, the core and constructing monomers are tailored to achieve maximum
binding affinities for drugs or designated functions. To further explore other possible
applications and improving the biocompatibility, researchers have kept testing more and
more biomolecules including different types of membranes, proteins, DNA/RNA etc. 9
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However, current literatures about dendrimers are predominately focused on
describing the phenomenological effects of adding dendrimers to different systems. In
other words, the physiochemical properties of dendrimers are analyzed on a case-by-case
basis. As a result, the observations from an existing dendrimer-ligand system cannot
transfer or predict the behaviors of new dendrimer-ligand systems. For example, a
unimolecular micelle diagram has been frequently used to depict dendrimer-ligand
associations. Yet it failed to explain several contradicted observations from different
dendrimer-ligands system.28 On another example, it has been reported that dendrimers are
able to regulate protein amyloid aggregation.9,38 Inspired by those results, further studies
verified that some dendrimers such as cationic PAMAM dendrimers are able to inhibit
amyloid protein self-assembly 25 thus potentially used to treat amylodogenic-related
diseases e.g. Type II Diabetes39, Alzhemimer’s Disease40. However, detailed inhibition
mechanisms from those dendrimers are far from well explored. At current stage, we
could only concluded that the mediation effects are co-determined by several factors
including the dendrimers species, surrounding environment (such as global charges, ionic
strength) and properties of ligands.9,38 Therefore, we are still looking for a more practical
and predictable model that well representing the structural-function relationships of
dendrimers.
Molecular simulations are among the best approaches to fulfill this goal. However,
as dendrimers are featured as complicated macromolecules with huge numbers of atoms
especially for those in high generations, current computational studies are bottlenecked
by several difficulties. To start with, traditional all-atom molecular dynamics (MD)
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simulations are most popular approaches as they are able to provide enough atomistic
detailes. Yet all-atom MD are very time-consuming and computational expensive.
Therefore, it is not a feasible approach in simulating complicated systems such as high
generation dendrimers or systems with multiple-ligands involved. While coarse-graining
simulations may act as alternative methods especially in investigating the kinetics of
large systems, they often fail to provide enough details for binding, which is critical
information for drug design. In this dissertation, I will demonstrate a new in-house
developed molecular dynamic – Discrete Molecular Dynamics (DMD) which might be
provide a nice solution for those difficulties. It is therefore used as my primary tool in
studying dendrimers.
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Figure 1.7 A) Approximating the inter-atomic potential between atoms i and j by discrete potential
functions and B) one “collision” event happened between atoms i and j, when their statues of motions will
be updated41 C) Two-Bead, Four-Bead, Pseudo All-atom, and All-atom Modeling in DMD.42,43

DMD simulations are developed based on the traditional molecular dynamic
simulations, where a couple of optimizations have been implemented. In DMD, continues
potentials have been replace by discretized potential functions and the statue of motion
for each atom is only updated in some special events such as “collision” (Fig. 7A&B). In
addition, we applied an implicit solvent model to average the effect from water molecules.
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Those features bring a significant improvement in calculation efficiency, which opens
opportunities to simulate complicated system on longer time scales at low cost. DMD
simulations are able to model molecules in different dimensional approximation from
coarse-graining to all-atom (Fig. 7C). The inter-atomic interactions are adapted from the
Medusa force field including electrostatic, van der Walls (VDW), H-bond, and solvation.
Solvation energy are calculated based Lazaridis-Karplus EEF1 model.44 The H-Bond was
modeled using a reaction-like algorithm.45 And charge screening effects are modeled
from the Debye-Hückel approximation where the values for ionic strength is assigned
based on intrinsic properties of simulated system.
DMD simulations have been proved an effective approach in describing the
behaviors of proteins43,46,47, polymer48, and nanoparticles49. In this dissertation, I
introduced DMD in investigating dendrimers-biomolecules interactions. Chapter 2 is
mainly about dendrimers in environmental applications that includes two closely related
studies “Structure-function relationship of dendrimers” and “Mechanisms of dendrimersmall molecules binding”. By simulating different dendrimer-ligand systems, the first
one serves as a benchmark study showing that DMD simulations recapitulate the
structures and dynamics of dendrimers with high accuracy. In the second study, I will
reveal another mechanism of dendrimer-ligand association deviated from the popular
unimolecular micelles paradigm. Chapter 3 put more emphasis on dendrimers in
biomedical applications. It contains two studies, namely, “Dendrimers as surfactants” and
“Dendrimers inhibit protein amyloid aggregations”. The first study introduced a lot of
important concepts about NP-protein interactions since dendrimers could be considered
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as polymeric NPs. That hybridizing two or more functional nanoparticles together
becomes very popular strategy in the field to achieve an enhanced functionality. In this
light, the first study could also taken as a nice example of using dendrimers as surfactants
functionalizing metal-based NPs. In the second study, I demonstrate a pioneer work of
applying dendrimers in inhibiting self-assembly of human Islet Amyloid Peptide (hIAPP),
which is believed closely associating with Type 2 Diabetes (T2D). My studies on
dendrimers will be summarized in Chapter 4, where future directions will also be
presented. In conclude, I hope my research could help design dendrimers with better
functionalities and biocompatibilities.
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CHAPTER TWO
DENDRIMERS IN ENVIRONMENTAL APPLICATIONS
Structure-Function relationships of dendrimers
Geitner, N. K.; Wang, B. et al. Structure-Function Relationship of PAMAM Dendrimers as Robust Oil
Dispersants. Environ. Sci. Technol. 2014, 48 (21), 12868-12875. Reproduced in part with permission from
American Chemical Society

1. INTRODUCTION
Originally proposed by Paul Flory,50 dendritic polymers are a class of
macromolecules consisting of highly branched polymer units. Within this class are
dendrons, dendrimers, and hyperbranched polymers.50 Dendrimers can be precisely
synthesized with high order and monodispersion, with well defined branching units
emanating from a central core.50 The number of these branching iterations is termed the
Generation of the dendrimer and determines its size, structure, and function.
Hyperbranched polymers, in contrast, possess less well-defined branched interiors,
resulting in a higher polydispersity at a much lower production cost. Due to their unique
physicochemical properties,

there are a wide variety of current and potential applications

of dendrimers ranging from environment to energy and biomedicine. For example,
hydroxyl-terminated PAMAM dendrimers have been shown to remove contaminants
such as humic acids51 and metal ions52,53 from drinking water or contaminated soils.
Dendrimers can be used in light-harvesting applications for superior transduction
efficiency in diodes and other photonic devices.54,55 The surface functionality of
PAMAM dendrimers has been altered to include long-lifetime ibuprofen release in vivo56
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and conjugation with partially anionic folate-conjugates has been explored for the
delivery of anti-arthritic drugs.57 The ability of dendrimers to encapsulate small organic
molecules has also been studied in terms of dendrimer generations58 as well as the shape
of a guest molecule,59 demonstrating a wide array of hosting capabilities of dendrimers in
aqueous solution.
Given their hosting capabilities, we have previously proposed PAMAM polymers
as oil dispersants,28 and showed that cationic PAMAM dendrimers are capable of hosting
both polyaromatic and linear hydrocarbons in water.28 Conventionally, lipid-like oil
dispersants have been in use since at least the 1960s60 and also during the large scale
Deepwater Horizon disaster of 2010. However, concerns over the potential toxicity of
conventional oil dispersants have been recently raised.61–63 There is a renewed and
pressing desire for effective yet biocompatible dispersing agents. Our previous work has
shown, however, that highly cationic amine-terminated poly(amidoamine) (PAMAM)
dendrimers cause acute toxicity in amoebas at a high concentration.32 Similarly, several
other studies have also shown that highly cationic PAMAM dendrimers cause significant
charge-induced toxicity in vitro64–67 and rapid blood clotting in vivo.68 It has been
suggested that the electrostatic interaction between highly cationic PAMAM and
negatively charged cell membrane results in pore formation to trigger cytotoxicity.
Therefore, efforts are increasingly being focused on altering dendrimer terminal charges
in order to reduce the toxicity or improve the efficacy of dendrimer agents.27,69
Many studies have been conducted on the size, structure, and dynamics of
dendrimers depending on dendrimer generation70,71 and environmental conditions such as
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solution pH and ionic strength.70–74 It has been shown that PAMAM dendrimers adopt
globular-like structures with the repeating monomers loosely packed in the interior and
the surface groups protruding, forming hydrogen bonds with water. Simulations revealed
dynamically forming pores in the interior that can bind various guest molecules.70,75
Solution pH and ionic strength can also affect dendrimer structure by changing the
dendrimer

protonation

states

and

screening

of

electrostatic

interactions,

respectively.72,73,76 It is not understood, however, how surface modifications of
dendrimers, a common strategy in dendrimer design and synthesis, might affect their size,
structure, dynamics, and subsequent functionality.

Figure 2.1 The concentration of dendrimer-associated phenanthrene (a) and the corresponding logK
association constants (b) for G4-NH2 (green diamonds), G4-SA (red squares), and G4-OH (blue triangles).
Error bars are standard deviations of 3 independent trials. Note clear transition temperatures at 74ºC where
binding with phenanthrene becomes much less efficient. The inset in (a) shows the chemical structures of a
single terminal chain of G4- NH2, -SA, and -OH from top to bottom.
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Here, we investigate the effects of varying the surface charge and functionality on
dendrimers’ ability to serve as effective oil dispersants. Specifically, we examine cationic
amine-terminated (G4-NH2), neutral hydroxyl-terminated (G4-OH), and anionic
succinamic acid-terminated (G4-SA) PAMAM dendrimers (Fig. 2.1a). Synergistic
experiments and molecular dynamics simulations are performed to probe the interactions,
limitations, mechanisms, and differences between cationic, anionic, and neutrally charged
PAMAM dendrimers with linear, polyaromatic, and hybrid hydrocarbons as well as the
combination thereof. These various combinations of hydrocarbon are studied in order to
gain a more fundamental understanding of dendrimer oil dispersant interactions with the
various hydrocarbon components of crude oil as well as illuminate any potential
synergistic dispersion effects of hydrocarbon mixtures. The advantages of model
hydrocarbons over whole crude oil include the real-time tracking and accurate
quantification for mechanistic studies of the structure-function relationship. Additional
studies of dendrimer dispersion efficacy and toxicity with crude oil have been done in a
separate work. The implications of this study reach beyond oil dispersion to other
biomedical and environmental applications including drug delivery and water
purification, noting the differences in dendrimer interactions with aliphatic and aromatic
hydrophobic molecules as well as potentially unanticipated effects of altering dendrimer
surface functionality. We find that marked differences in hosting capacity for
hydrocarbons arise from changes in both the structure and dynamics of the dendrimers
with varying terminal functionality.
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2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1 Materials and Characterization. All dendrimers were purchased from Dendritech,
Inc. and were PAMAM G4.0 (generation four) in water solvent and stored at 4°C.
Phenanthrene (PN) and octadecylbenzene (ODB) were purchased from Sigma-Aldrich,
hexadecane (C16) from Acros Organics and all stored at room temperature. The
dendrimer stock solutions were diluted in DI water (18 MΩ cm) to a final concentration
of 15 µM, and their pH adjusted to 8.2 to mimic that of seawater using 1M NaOH and
1M HCl. Dynamic light scattering (DLS) and zeta potential characterizations of these
prepared stock solutions were carried out on a NanoBrook ZetaPALS.

2.2 UV-vis Spectophotometry and Phenanthrene Affinity. UV-vis spectroscopy
absorbance measurements were performed on a temperature-controlled Cary 300 Bio
(Thermo Electric Corp.). To normalize the concentration of PN, a known quantity was
dissolved in methanol and the intensity of the absorbance peak at 251 nm was measured.
This relation was then used to calculate all other PN concentrations. The concentration of
dendrimer-associated PN was calculated using Eqn. (1) where [PN]T is the total observed
concentration of PN in the column and [PN]S is the concentration of free PN in solution.
[D·PN]=[PN]T-[PN]S

(1)

A solution of 15 µM dendrimers was used as a control in all measurements of PN with
dendrimers. Each sample was prepared with 1 mg of PN added to 2 mL of either water or
dendrimer stock solution. Samples were bath sonicated for 5 min (Branson) in order to
break PN solids and then rotated overnight to reach equilibrium. We then measured the
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affinity of dendrimers for PN in water as a function of temperature by measuring the
absorbance of PN over a temperature range from 20-80ºC. The temperature was increased
at a rate of 0.1ºC/min, and absorbance was measured every 1.0 ± 0.02ºC. These
measurements were made in triplicate in sealed quartz cuvettes. The apparent association
constant K was calculated using Eqn. (2) where [D] is the free dendrimer concentration.
K=[D·PN]/([D][PN]S)

(2)

Solutions of PN dissolved in C16 were prepared such that the final solution was 8% PN by
weight dissolved in C16. For sample incubations, 20 µL of this stock was added to 2 mL
of either water or dendrimer solution and then rotated for 1 h. This ensured that the same
total mass of PN was added as in the pure PN experiments. The same temperature ramp
as above was then performed, again by measuring the absorbance of PN at 251 nm.

2.3 Fluorescence. Fluorescence measurements were performed on a temperaturecontrolled Cary Eclipse fluorometer (Thermo Electric Corp.). ODB-doped C16 stock was
prepared such that the hydrocarbon solution was 2.6% ODB by weight. For all
measurements with ODB, 65 µL of stock solution was added to 2 mL of water or
dendrimer solution and then rotated gently for 1 h. It was then allowed to settle, and
solution was pulled from the middle of each tube to avoid phase-separated oil. Then 20
µL of stock ODB-doped C16 was added to each cuvette to ensure a consistent excess of
available hydrocarbons. The fluorescence emission was observed at both wavelengths of
290 nm and 299 nm, with an excitation wavelength of 258 nm in both cases. The
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fluorescence emission intensities were recorded every 1.0 ± 0.02ºC in the same
temperature ramp as described in Section 2.2.

2.4 DMD Simulations. Discrete molecular dynamics (DMD) is a special type of
molecular dynamics algorithm, featuring rapid dynamics sampling efficiency. The
detailed algorithm and force field parameterization of DMD can be found elsewhere.43
We used a united atom representation to model the molecular system, explicitly modeling
all polar hydrogen and heavy atoms and with implicit solvent. Inter-atomic interactions
were modeled by a physical force field adapted from Medusa,45,77 which included Van
der Waals (VDW), solvation, electrostatic and hydrogen bond interactions. The force
field parameters for VDW interactions, bond length, angle and dihedrals were taken from
CHARMM 19.78 The solvation energy was included using the Lazaridis-Karplus implicit
solvent model.79 The distance and angular dependant hydrogen bond interaction was
modeled using a reaction-like algorithm.45 We used the Debye-Hückel approximation to
model the screened electrostatic interactions between charged atoms. The Debye length
was approximately 10 Å by assuming water relative permittivity of 80, and a monovalent
electrolyte concentration of 0.1 M.
The starting structures of dendrimers were generated by constructing the idealized
3-dimensional dendrimer structure consisting of a core, branching units, and terminal
groups, followed by equilibration and energy minimization. To emulate a solution pH of
8.2, all G4-NH2 and G4-SA terminal groups were charged (protonated and deprotonated,
respectively). All tertiary amines in G4-NH2 and G4-OH were deprotonated and therefore
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uncharged. To model the partial protonation of tertiary amines in the presence of acid
terminal groups, the protonation state of the interior tertiary amines of G4-SA was varied,
where 0, 10, 20, or 30% of randomly selected tertiary amines were protonated. In our
simulations, the net charges of the molecular systems were maintained zero by adding
offsetting charges, such as chloride (Cl-) and sodium (Na+) ions. After the initialization of
dendrimer structures, energy minimization using DMD was carried out for 10,000 time
steps (approximately 10 ns) before carrying out further equilibrium simulations.
In DMD simulations, temperature is in the unit of kcals/mol·kB, where kB is the
Boltzmann constant. Our simulations were conducted for a temperature range of 0.550.75 kcal/mol·kB, corresponding approximately to 275-375 K. The Anderson’s
thermostat80 was used to perform constant temperature simulations. At each temperature,
energy minimization was first carried out for 10 ns and the simulations were conducted
for 2 million time steps (approximately 1 µs), corresponding to an average of
approximately 72 CPU hours. We characterized the sizes of all three types of dendrimers
by measuring the radius of gyration (Rg) as a function of temperature. The mean and
standard deviation of Rg were obtained from 8,000 snapshots evenly distributed
throughout the final 800 ns of simulation.

3. RESULTS AND DISCUSSION
Distinctive Physicochemical Properties of Dendrimers with Modified Terminal
Groups. Generation 4 PAMAM dendrimers of positively (NH2), negatively (SA), and
neutrally (OH) charged functional groups, all at pH 8.2, were first incubated with PN. We
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measured the concentration of saturated PN in water and in dendrimer solution with an
excess of PN (see Eqn. (1), section 2.2 in Methods; Fig. A1), and computed the
concentration of dendrimer-associated PN [D·PN]. We determined the [D·PN],
quantifying the capacity of dendrimer to host PN, as a function of temperature (Fig. 2.1a).
The temperature range of 20-80 ºC was chosen to examine the fundamental differences in
dendrimer behavior and interactions with hydrocarbons at environmentally relevant
temperatures and beyond. Initially, the positively and negatively charged dendrimers
have similar hosting capacities, while the neutrally charged dendrimer has lower hosting
capacity. As temperature increases in all cases there is an increased hosting of PN by
dendrimers, in part due to the increasing availability of PN in solution with increasing
temperature. This trend continues until approximately 74ºC for positively and neutrally
charged dendrimers, at which point the PN hosting capacity reaches a peak followed by a
marked decrease. In contrast, negatively charged dendrimers reach their maximum
capacity between 65-74ºC, reaching just 56% the maximum PN hosting of G4-NH2.
With the measured PN concentrations in water and in dendrimers as well as the
concentration of dendrimers in solution, we can calculate the apparent association
constants, K (see Eqn. (2), Section 2.2 in Methods) and compute logK as a function of
temperature (Fig. 2.1b). For NH2 and SA-terminated dendrimers, we observe relatively
constant, large apparent association constants at low temperatures. In contrast, the neutral
OH-terminated dendrimers had a much lower affinity at low temperature, but this affinity
surprisingly increases rapidly with respect to increased temperature and becomes nearly
identical to the NH2-terminated affinity near 70ºC. Both G4-NH2 and G4-OH dendrimer
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affinity for PN sharply drop at 74ºC, as expected (see Fig. 2.1a). Despite the more
significant and gradual decrease in G4-SA affinity, we note an increase in this rate of
decrease at the same 74ºC, indicating the temperature at which it becomes
thermodynamically more favorable for PN to dissolve in water than to be partitioned
inside of the dendrimers, as PN water solubility increases exponentially with temperature
over the observed range (Fig. A1). Therefore, the changes in dendrimer surface charge
result in drastic changes in its hosting capacity of PN and the temperature dependences.
However, since PN is non-charged and the binding is not governed by electrostatic
interactions, it is intriguing as what the molecular mechanism is for such drastic changes
in hydrocarbon hosting capacity upon adjusting the dendrimer surface charges.

Table 2.1: Characterization of PAMAM Dendrimersa
Functionality

DH (nm)

ζ (mV)

NH2

4±1

30.7 ± 2.9

OH

3±1

-0.9 ± 1.0

SA

4±1

-18.5 ± 2.0

a) DH: Hydrodynamic diameter. ζ:Zeta Potential

We postulated that the changes are mostly in the structure of dendrimer, which in
turn affect the hosting function of dendrimer. We first characterized the size and charge
properties of all three types of dendrimers in solution (Table 2.1) using DLS and PALS
zeta potential measurements, respectively (Methods). The DLS results suggest that the
dendrimers are fairly monodisperse and tend not to aggregate in DI water. Second, that
the OH-terminated dendrimers have smaller hydrodynamic diameters (DH) than their

26

charged counterparts. The zeta (ζ) potential quantifies the dendrimer net electrokinetic
potential in solution. We find that, indeed, the OH-terminated dendrimers carry nearly
zero net charge and the amine-terminated dendrimers are highly positively charged (+30
mV). Interestingly, the SA-terminated, while negatively charged, carry a net charge with
significantly smaller magnitude than the amine-terminated. This reduction of overall net
charge suggests that some of the interior tertiary amines in SA-terminated dendrimers
may become protonated at this pH. Assuming electric multilayers similar in nature, the
measured differences in zeta potential magnitude suggest the protonation of
approximately 30% of G4-SA tertiary amines. Such a significant shift in pKa of the
tertiary amine compared to neutral and positively charged dendrimers is feasible in the
presence of a large number of terminal acidic groups in the vicinity.81 These
characterizations suggest significant physicochemical differences in PAMAM dendrimers
caused simply by varying the terminal functionality. Next, we perform molecular
dynamics simulations to study the changes of dendrimer size and structure with respect to
surface charges at the molecular level.
We performed DMD simulations of all three dendrimer classes (Methods) and
measured the radius of gyration (Rg) as a function of temperature (Fig. 2.2a) for each
case. For the SA-terminated dendrimers, we studied the effect of partial protonation of
their tertiary amines, with levels of protonation ranging from 0-30% protonation, where
30% tertiary protonation corresponds to the experimentally observed zeta potential of
G4-SA. In DMD simulations, the dendrimer rapidly reaches equilibrium with Rg
fluctuating around its average value in a long timescale simulation trajectory (~50 ns;
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Fig. A2). Across the simulated temperature range, the Rg of G4-NH2 increases from 19.4
Å to 21.25 Å, in agreement with small angle neutron scattering (SANS) experiments as
well as atomistic molecular dynamics (MD) and coarse-grained (CG) simulations
performed elsewhere (Table 2.2, Fig. A3).20,36,82–85 Because Rg is an averaged singlevalue measurement, we also calculate the radial density function (RDF) to quantify the
internal structure of dendrimers (Figs. A4 & A5). As observed previously in an all-atom
MD simulations36, we find that lower generations G2-G3 exhibit more compact core
structures while higher generations G4-G5 are more open due to increased electrostatic
repulsion between terminal groups (Fig. A4). We also computed the RDF for the G4-NH2
dendrimers at different pH values. At high pH, the primary amines are fully
deprononated, making the dendrimer neutrally charged. At low pH, the tertiary amines
are protonated and the dendrimer is fully charged. Our results confirm the expected
transition from dense-core at high pH to dense-shell configuration at neutral and low pH
as observed in previous all-tom MD simulations (Fig. A5).20 These benchmark results
validate our DMD simulations efficient and robust for studies of dendrimer structure and
dynamics. G4-SA is, across the simulated temperature range, larger than G4-NH2 due to
the slightly longer terminal groups. Their Rg values decrease with increasing tertiary
amine protonation, and at the lowest tested temperature it reduces from approximately
22.25 Å at 0% protonation to just 20.0 Å once 30% of the interior tertiary amines have
been protonated. This size change is because of the electrostatic attraction between these
protonated groups and the negatively charged terminal carboxyl groups. This attraction
also limits the expansion of G4-SA with temperature: e.g. G4-SA (30%) swells just 1.25
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Å compared to a 1.9 Å growth seen in G4-NH2, resulting in equal Rg values at the highest
temperature in simulations.

Figure 2.2 Radius of gyration (Rg) for G4-NH2, OH, and SA for SA tertiary amine protonation fractions of
0-30% (a). Error bars are standard deviations taken across the 800 snapshots used in Rg calculations.
Representative DMD snapshots of G4 PAMAM dendrimers at room temperature (b), which illustrates the
effect of changing terminal group chemistry on the overall structure of the dendrimer. Differences in
structure between G4-NH2 and G4-SA are due to partial protonation of SA tertiary amines (c), with a
portion of the dendrimer structure shown schematically emanating from a central core.

29

Table 2.2: Comparison of Rg in PAMAM dendrimers from various works
Rg (Å)
Liu et al. - SANS84
Lee & Larson- CG85
Liu et al. - MD20
Yang & da Rocha – MD36
This Work (300 K)

G3

G4

G5

16.7 ± 1.2
13.1 ± 0.1
15.8 ± 0.3
15.0 ± 0.9
15.7 ± 0.6

21.4 ± 0.4
--20.6 ± 0.2
21.8 ± 0.8
20.2 ± 0.6

26.8 ± 0.4
23.2 ± 0.1
25.3 ± 0.1
23.8 ± 0.2
25.7 ± 0.4

While amine- and SA-terminated dendrimers have similar sizes across the entire
temperature range, G4-OH is clearly smaller than its charged counterparts, expanding
from an Rg of 16.25 to 18.13 Å at the lowest and highest simulation temperatures,
respectively. This markedly smaller size is due to the lack of electrostatic repulsion
between terminal groups and hydrogen bond formation between the terminal hydroxyl
groups, resulting in a much more compact dendrimer structure (e.g. typical snapshot
structures in Fig. 2.2b).
These differences in size and how sizes change with temperature in simulations is
consistent with the experimentally observed differences in apparent affinity for PN as in
Fig. 2.1. G4-OH has a much lower affinity for PN at low temperatures because, at those
temperatures, they are significantly more compact than either G4-SA or -NH2, thus
reducing the size and accessibility of the interior voids to host PN as illustrated by the
dense-core structure of the neutrally charged dendrimer (Fig. A4). As temperature
increases, the G4-OH expands with increased Rg by breaking the hydrogen bonds,
thereby granting access to its growing interior cavities. Our zeta-potential
characterization of G4-NH2 and G4-SA suggests that approximately 30% of the G4-SA
tertiary amines are protonated (Fig. 2.2c) assuming tertiary amines in G4-NH2 are not
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protonated.27 This change allows strong electrostatic interaction between terminal groups
and the protonated tertiary amines, which causes the dendrimer to contract relative to the
less protonated G4-SA dendrimers. Such strong electrostatic interaction also noticeably
inhibits size expansion with temperature in contrast to the weaker hydrogen bond
interaction in G4-OH (Fig. 2.2a). As a result, the G4-SA features a lower host capacity
and apparent affinities for PN compared to G4-NH2. These differences in swelling
behavior highlight why the temperature dependence in PN hosting capacity is different
for each dendrimer despite all three functionalizations growing with increasing
temperature. Such a dependence on hydrophobic core accessible for hosting small
hydrophobic molecules is in agreement with earlier studies by Tomalia et al with
lipophilic dye encapsulation by dendrimers of various generations.58 In addition, since the
dendrimer volume available for hosting increases rapidly as the cubic power of the size, a
small change in Rg (Fig. 2.2) leads to large changes in hosting capacity (Fig. 2.1). It is
also important to note that, by charging a fraction of the interior groups, the interior voids
become slightly less hydrophobic and thus less favorable for hydrocarbon interactions.
Another interesting observation in experiments is the sharp decrease of PN binding at
74ºC for all dendrimers (Fig. 2.1). We hypothesize that this phenomenon is due to the
intrinsic structural properties of dendrimer at different temperatures. As the dendrimers
expand with increasing temperature (Fig. 2.2), the cooperative binding with PN due to
interactions among amidoamine monomers is reduced. At high temperatures, the binding
is dominated by the interaction between PN and amidoamine monomer. Therefore, the
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transition at 74ºC is the result of dissociation of PN from amidoamine monomer to the
solution.

Hosting of Various Classes of Hydrocarbons and Their Mixtures. Having examined
the differences between dendrimers of different surface charge, we are now interested in
binding between PAMAM dendrimers, using G4-NH2 as our model, and different
hydrocarbons. Amine-terminated dendrimers were chosen because they exhibited the
strongest binding with hydrocarbons across the tested temperature range, and therefore
allowed the best characterization of the differences between PAMAM binding with
different classes of hydrocarbons. As crude oils are composed largely of aliphatic
hydrocarbons, it is critical to understand dendrimer interactions with such linear
hydrocarbons. However, purely aliphatic hydrocarbons are difficult to track
quantitatively in solution. To overcome this difficulty, we doped solutions of hexadecane
with octadecylbenzene (ODB, 2.5 w/w%), which is an 18-carbon chain with the addition
of a benzene ring on one end. The result is a solution with minimal change from a purely
aliphatic hydrocarbon mixture but which can be monitored in real time in solution using
spectrofluorescence measurements (Fig. 2.3). We characterized the excitation and
emission of ODB-doped C16 in various conditions: dissolved in 100% methanol,
suspended as an oil-in-water emulsion in DI water, and in a DI solution of 15 µM G4NH2 dendrimers (Fig. 2.3a). We note that the emission peak redshifts from 281 to 290 nm
when suspended in water compared to in methanol, which we attribute to an increased
polarity of the fluorophore environment. The ODB emission further redshifts to 299 nm

32

upon incubation with dendrimers, indicating that a significant fraction of ODB molecules
interacted directly with G4-NH2 rather than simply being suspended in smaller droplets
of C16. We measured the kinetics of this fluorescence over time, monitoring ODB
emissions at 290 and 299 nm for pure water and dendrimer solution samples, respectively
(Fig. 2.3b). While the ODB fluorescence in water and with dendrimers began with nearly
identical intensity, there was a marked initial decrease in water-suspended intensity, a
loss of approximately 30%. This indicates that many of the emulsion droplets in the water
suspensions quickly coalesced before the final stable emulsion was achieved. Even after
this relatively stable emulsion was formed, there is a slow (1.4%/h) continued
coalescence and a resulting phase separation of the oil-in-water emulsion. Such
coalescence is not seen in the dendrimer solution over the observed time period,
confirming that such suspensions are more stable than the oil-in-water emulsions. Based
on this fluorescence measurement, the stable suspensions formed with G4-NH2 at room
temperature accommodate 57 ± 4% more ODB-doped C16 than the oil-in-water emulsion,
highlighting the efficiency of dendrimer as oil dispersants. We also note that the nature of
the oil dispersion is different from an oil-in-water emulsion (Inset, Fig. 2.3b). The oil-inwater emulsion (left) is cloudy due to light scattering by large oil droplets, while the
dendrimer-dispersed oil (right) is clear, indicating the presence of much smaller
complexes in agreement with previous results that showed the formation of dispersed
C16-dendrimer complexes of approximately 200 nm.28 This further suggests that nearly all
suspended hydrocarbons are dendrimer-associated, since we did not observe any oil-in-
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water droplets that would be expected if dendrimers simply added encapsulated
hydrocarbons to an oil-in-water emulsion.

Figure 2.3 The fluorescence excitation and emission spectra (a) of ODB and the kinetics of this
fluorescence at room temperature (b). Inset is a photo of pure water and dendrimer solutions incubated with
equal quantities of C16+ODB. Oil-in-water emulsions are cloudy suspensions (left); dispersion by
dendrimers results in a clear suspension (right). Raising the solution temperature causes thermal quenching
with and without dendrimers (c), but no loss of binding to dendrimers at high temperatures. Error bars are
standard deviations of 3 independent trials.

34

We also examined the fluorescence behavior in water and dendrimer suspensions
as a function of temperature (Fig. 2.3c), showing normalized fluorescence intensities.
Note that the initial drop in water suspension fluorescence intensity is due to the
coalescence observed at early times as in Fig. 2.3b, but not due to the increase in
temperature. Therefore, normalization for the water curve was performed after this initial
drop in intensity. After this point, the water and dendrimer suspensions are statistically
identical and both intensities decrease linearly with increasing temperature. This linear
decrease in fluorescence intensity with respect to increasing temperature indicates simple
thermal quenching as more rotational and vibrational degrees of freedom become
accessible, which is different from the molecular quenching observed between cationic
dyes and PAMAM dendrimers with organic moieties.86 We did not observe any transition
as was seen in incubation of pure PN with dendrimers. This is primarily due to the fact
that C16 has near zero water solubility, therefore eliminating the competition with water
solvation seen in the case of PN-dendrimer interactions. Because of this lack of
competition, the C16-dendrimer interactions are more stable at high temperatures.
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Figure 2.4 The concentration of dendrimer-associated PN (green diamonds) as a function of temperature.
Shaded region shows the calculated increase in concentration of hydrocarbons due to dendrimers compared
to oil-in water emulsion, including both PN and C16. Error bars are standard deviations of 3 independent
trials.

Because crude oil is a combination of aliphatic and aromatic hydrocarbons
(among other components), we created a “model crude” by dissolving PN in C16 (8% PN)
to investigate the interaction between G4-NH2 dendrimers and hydrocarbon mixtures. By
measuring the UV absorbance of PN as described above, the quantity of oil suspended in
the water column with and without dendrimers was calculated (Fig. 2.4). In contrast to
the trend seen when incubated with pure PN, the dendrimer-associated PN remains
approximately constant with temperature across the entire tested temperature range.
These results suggest that the aliphatic C16 is able to synergistically facilitate stronger,
more stable interactions between dendrimers and PN that have little temperature
sensitivity. We hypothesize that C16 accomplishes this by eliminating the PN partition
competition from water solvation, serving as a stronger solvent inside the dendrimer
interior for PN. By assuming that the ratio of PN/C16 remains constant after interacting
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with dendrimers, we calculated the total suspended hydrocarbon concentration. The
increase in this total hydrocarbon concentration compared to that in water alone is shown
by the shaded area, reaching at least 35 µM hydrocarbon compared to ~10 µM of pure
PN (Fig. 2.1a); the total concentration of hydrocarbons with dendrimers in water reached
approximately 135 µM. Because of the behavior noted in the ODB-C16 study, we expect
that virtually all of the suspended PN and C16 were directly dendrimer-associated, which
indicates a strong hosting capacity of at least 9 hydrocarbons per dendrimer. This
capacity for suspending hydrocarbons persisted well beyond environmentally relevant
temperatures, and indeed even beyond the dissociation temperature for pure PN to break
down hydrophobic interaction and pi stacking.

4. CONCLUSION
In summary, we have shown that aliphatic, aromatic, and hybrid hydrocarbons
bind strongly with G4 PAMAM dendrimers at environmentally relevant temperatures.
Mixtures of aliphatic and aromatic hydrocarbons in a model crude are synergistically
dispersed by PAMAM dendrimers, reaching a highly stable dispersion of at least 9
hydrocarbon molecules per G4 dendrimer over a wide range of temperatures. At
environmentally relevant temperatures (i.e. less than approximately 32ºC), G4-SA and
G4-NH2 bind much more strongly to hydrocarbons than G4-OH due to this neutral
dendrimer collapsing, closing off access to the hydrophobic interior. However, changes in
tertiary amine pKa and resulting interior protonation in G4-SA due to the abundance of
terminal acidic groups severely limited their hydrocarbon hosting capacities. The
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dendrimer oil dispersions were also shown to be significantly more stable and contained
57% more hydrocarbon than simple oil-in-water emulsions. These results demonstrate
that, when their versatile physicochemical properties are utilized properly, dendrimers are
very robust as oil dispersants; we have also illuminated potentially unanticipated or
unintended effects of varying dendrimer surface functionality on hosting applications
including dispersion but also drug delivery and water purification that usually deal with
hydrophobic or charged ligand species. Future work will include studies examining the
effects of pH, ionic strength and ions of different valences in solution.
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Mechanisms of dendrimer-small molecules binding
Wang, B. et al. Deviation from the Unimolecular Micelle Paradigm of PAMAM Dendrimers Induced by
Strong Interligand Interactions. Journal of Physical Chemistry C, 119, 19475-19484. Reproduced in part
with permission from American Chemical Society

1. INTRODUCTION
Dendrimers are a class of synthetic, highly controlled macromolecules with a
fractal-like structure. Well-defined branching units emanate from the central core, while
the number of branching iterations defines the “generation” of the dendrimer.87 The
central core, interior branching units and terminal units of the dendrimer can be
individually chosen, allowing for great design flexibility.87 As a result, the size,
hydrophobicity and surface functionalities of the dendrimer can be tailored for a wide
variety of applications. PAMAM (polyamidoamine) dendrimers are one of the most
commonly studied dendrimers.5,10,18,87 At neutral pH the PAMAM dendrimers are
comprised of a hydrophobic interior terminated by hydrophilic surface amines, which are
protonated under physiological conditions to render a so-called “unimolecular micelle”
stucture.17,88–93 Due to their unique physicochemical properties, PAMAM dendrimers
have potential applications impacting many fields. In biomedicine, for example,
PAMAM dendrimers can serve as carriers by either linking drug molecules to their
surface or encapsulating the drugs inside their interior cavity.1 For weakly acidic drugs,
the main driving forces for noncovalent binding with dendrimers are electrostatic
interactions and hydrogen bonding.5,94,95 For example, generation-four (G4) PAMAM
dendrimers with 64 surface amines are able to encapsulate as many as 78 ibuprofen
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molecules.96 PAMAM dendrimers have also been used to encapsulate and deliver small
hydrophobic pharmaceutical molecules for enhanced water solubility and
biodistribution.5 Solvent conditions such as polarity, ionic strength, and pH affect the
conformation of PAMAM dendrimers97,98 and thus their encapsulation efficiency, as the
dendrimer maximum loading capacity is directly related to the shape, size, and
conformation of the dendrimer.11,37 However, the density of dendrimer surface groups
rapidly increases with generation, which may sterically block guest molecules from
partitioning into the dendrimer interior.11 At generation 7 or higher, the surface groups
reach the de Gennes dense packing limit to seal the interior.5
In addition to drug delivery, the hosting capability of dendrimers can also be
utilized in environmental applications such as water purification, desalination, and
pollution remediation.99–101 Commercially available oil dispersants including Corexit
have been in use for treating oil spills worldwide.102,103 However, the potential toxicity of
oil dispersants has recently become a great concern, particularly after their large-scale
deployment in the 2010 Deepwater Horizon Spill.103–106 It is therefore imperative to
identify an alternative oil dispersant with high biocompatibility while still maintaining a
relatively high efficiency. We have previously proposed and verified in lab-scale studies
that cationic PAMAM dendrimers can act as efficient oil dispersants99 for both
polyaromatic and linear hydrocarbons, two key components of crude oil. In our previous
experiment, linear hexadecane (C16) and polyaromatic phenanthrene (PN) were used as
model hydrocarbons, both of which were hydrophobic while their size difference was
negligible relative to that of a G4-PAMAM dendrimer. When the model hydrocarbons
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were associated with the dendrimers in water, the average hydrodynamic sizes of the
aggregates were significantly different: 200 nm for G4-C16 and 9 nm for G4-PHe
complexes, respectively, indicating that PAMAM dendrimers dispersed linear and
aromatic hydrocarbon through drastically different mechanisms.99 Specifically, the
hydrodynamic radius of G4-PHe was comparable to that of G4 dendrimer99, suggesting a
single PAMAM dendrimer encapsulating multiple PN molecules while retaining a
unimolecular micelle structure. In contrast, the size of G4-C16 was two orders of
magnitude larger than that of a single G4-PAMAM, indicating that a large multiplemolecular complex was formed. It was hypothesized that when a linear C16 molecule
was encapsulated there remained one end protruding out of the G4 molecule.99 This
enabled bridging with surrounding G4 molecules to create the complexes.99 However, the
experimental data were insufficient to clearly validate the hypothesis, so the structure of
these supramolecular complexes and the mechanism for such clear deviation from
PAMAM acting as a unimolecular micelle in ligand encapsulation remains unknown.
There have been numerous studies including both experiments and computations
on the mechanisms of dendrimers encapsulating single target molecules.1,5,10 Electrostatic
interactions, hydrophobic effects, or hydrogen bonding typically account for the
formation of host-guest structures.5,94–96 Almost ubiquitously, the structures are described
as dendrimer hosts with molecular guests forming unimolecullar micelles that do not bind
with surrounding micelles; however, as mentioned above, experimental evidence with
PAMAM dendrimers and C16 suggest that the formation of supramolecular complex
containing multiple dendrimers and ligands could occur.20
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To elucidate the molecular mechanisms of dendrimers as dispersants,
computational modeling has been applied to bridge the gap between experimental
observations and actual molecular systems.37 Due to computational limitations,
interactions of ligands with a single dendrimers were usually modeled previously.
Recently, in the absence of ligands inter-molecular interaction between two PAMAM
dendrimers has been studied using umbrella sampling molecular dynamics (MD), where
effective repulsion between cationic PAMAM and weak attraction between neutrallycharged PAMAM were found.107 We hypothesize that, in addition to the dendrimerligand interactions, ligand-ligand interactions are important to overcome the repulsion
between cationic PAMAM dendrimers in forming the supramolecular complexes
observed experimentally.99 Hence, in order to fully understand the mechanisms governing
dendrimer’s function as an oil dispersant as well as a host for catalysts and drug
molecules, it is necessary to examine both dendrimer-ligand and ligand-ligand
interactions.
Here, we applied atomistic discrete molecular dynamics (DMD) simulations to
study the dispersion mechanisms of G4-PAMAM dendrimers with C16 and PN. DMD is
a special type of molecular dynamics algorithm, which features rapid sampling efficiency,
and has been recently shown to recapitulate the structures and dynamics of PAMAM
dendrimers of different generations, surface groups, and pH conditions.37 We
systematically studied the binding of a single PAMAM dendrimer with single and
multiple ligands, as well as two PAMAM dendrimers interacting with multiple ligands.
From DMD simulations, we found that both C16 and PN displayed a high cooperativity
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in binding dendrimers. Difference in structural, dynamic and energetic properties
between these two types of hydrocarbons led to drastically different clustering behaviors
in the absence and presence of dendrimers. Compared to the rigid PN molecule, strong
inter-ligand interaction between the flexible C16 resulted in weaker solubility, i.e. the
association and condensation of the ligands in water. We found that the same
physicochemical properties also led to the formation of multi-dendrimer micelles in the
presence of PAMAM dendrimers, thereby revising the unimolecular micelle paradigm of
PAMAM dendrimer as a host agent. As drug molecules usually possess hydrophobic and
aromatic moieties the results of this study may be extended beyond the scope of
environmental remediation to studies of dendrimers for drug delivery, catalysis and
biosensing.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1 Discrete molecular dynamics simulation. Discrete molecular dynamics (DMD) is a
special type of molecular dynamics algorithm where inter-atomic interactions are
modeled by square-well potential functions instead of continuous potentials. A more
detailed description of the DMD algorithm can be found elsewhere.41,46 DMD has been
proved to be a powerful method in simulating biomacromolecules such as
proteins.47,108,109 Recently, we have successfully applied DMD in simulating dendrimers
with various structures.37 We used a united-atom representation for the dendrimerhydrocarbon systems in which all heavy atoms and polar hydrogens were explicitly
modeled. Inter-atomic interactions including van der Waals (VDW), solvation,
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electrostatic and hydrogen bond interactions were modeled by a physical force field
adapted from Medusa.45,110 Bond length, angle and dihedrals were taken from CHARMM
19.78 The solvation energy was included using the Lazaridis-Karplus implicit solvent
model, EEF1.79 The distance and angular dependent hydrogen bond interaction was
modeled using a reaction-like algorithm.45 We used the Debye-Hückel approximation to
model the screened electrostatic interactions between charged atoms. The Debye length
was approximately 1 nm by assuming water relative permittivity of 80, and a monovalent
electrolyte concentration of 0.1 M.
The periodic boundary condition was used in DMD simulations. We adopted the
Anderson’s thermostat to perform constant temperature simulations. In DMD simulations,
the temperature has the unit of kcal/(mol•kB), where kB is the Boltzmann constant. Our
simulations were conducted across a temperature range of 0.50 − 0.80 kcal/(mol•kB),
corresponding to 250 − 400 K with a scaling factor of ~500. We note that our implicit
solvent approach could not capture the temperature-dependence of the hydrophobic
interactions mediated by water molecules. On the other hand, we expect that the
extrapolated enthalpy and entropy values from DMD simulations at a wide range of
temperatures were good approximations near the room temperature where the parameters
of implicit solvent model were tabulated.79 At each temperature, energy minimization
was first carried out for 1,000 time steps (approximately 0.05 ns).

2.2 PAMAM dendrimer model. Generation-four poly(amidoamine) (PAMAM)
dendrimers are highly positively charged polymers comprised of a central core, branching
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units and 64 amine surface groups. To emulate a solution pH of 8.2, all the amine groups
of dendrimers are fully protonated while all interior amine groups remained deprotonated.
Due to the high number charges of PAMAM dendrimer molecules, the local salt
concentration near PAMAM is higher than that of the bulk and consequently the
screening effect near the surface is stronger than the bulk. It has been suggested111 that in
highly charged systems Debye-Hückel approximation with neutralizing counterions can
be used to account for the increased screening effect. Therefore, the net charges of the
molecular systems were maintained at zero by adding offsetting counterions (Cl-). We
computed the radial density distribution of charged atoms, including Cl− ions and primary
amines (-NH3+) (Fig. B2). We found that the counterions (Cl-) indeed mostly stayed near
the protonated primary amines as expected. In each simulation, energy minimization was
first performed, followed by further equilibration. In equilibrium simulations, simulations
with two dendrimers were carried out through 0.5 million time steps (~ 25 ns) while all
others were carried out for 1 million steps (~ 50 ns), all of which corresponded to an
average of approximately 72 CPU hours.

2.3 Simulations of one dendrimer with one ligand system. For each type of ligand, we
performed DMD simulations at different temperatures (from 250K to 400K). At each
temperature, we performed twenty independent simulations with different initial
configurations, where hydrocarbons were positioned with random orientations and
distances to the dendrimer.
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2.4 Umbrella sampling of one dendrimer with one C16. The inter-molecular distance
between a central carbon of the PAMAM core and the center atom of C16 (i.e., the 8th
carbon), rC, was chosen as the reaction coordinate. We performed ten replicas of DMD
simulations, each of which had an infinite square-well bias potential as the function of rC.
The upper and lower bounds of the biased potentials were assigned to overlap with each
other: {0, 10.5}, {9.5, 14.5}, {13.5, 18.5}, {17.5, 22.5}, {21.5, 26.5}, {25.5, 30.5},
{29.5, 34.5}, {33.5, 38.5}, {37.5, 42.5}, and {41.5, 137.5} Å. The first and last bias
potentials had wider ranges because the ligand were either completely bound or unbound,
correspondingly. All simulations were carried out for 1 million steps (~ 50 ns) at T=300K.
We utilized 5,000 snapshots evenly distributed throughout the final 25 ns of the
simulations to compute the inter-molecular distances, rC. The weighted histogram
analysis method (WHAM)112 was applied to estimate the one-dimensional (1D) potential
of mean force (PMF) with respect to the inter-molecular distance rC.

2.5 Simulations of one dendrimer with twenty ligands. Twenty ligands (20 C16 or 20
PN) were first assigned with random orientations and distances to the dendrimer. Then
we let the system run at the lowest simulation temperature (T=250K) until equilibrium
was reached (2 million steps, approximately 100 ns). At this temperature, all ligands were
eventually encapsulated by the dendrimer. Then, we chose snapshots of the equilibrium
states as our starting state for the dissociation simulations. The dissociation simulations
(as well as all the following simulations) were performed at the same temperature range
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(250K to 400K). At each temperature, we performed ten independent simulations with
different initial velocities assigned according to the Maxwell-Boltzmann distribution.

2.6 Simulations of hydrocarbons clusters. We followed the same protocol as above
where 20, 40, 60 or 80 ligands (C16 or PN) were first assigned with random orientations
and distances to each other. Then we let the system run at T=250K until equilibrium was
reached (1 million steps, approximately 50 ns). Those hydrophobic ligands assembled
quickly to become a single cluster. Ten snapshots of hydrocarbons clusters along the
association simulations were chosen as the initial structures for the dissociation
simulations.

2.7 Preparation of the two dendrimers binding with eighty ligands. Two dendrimers
were first positioned away from the 80 ligands cluster (obtained from the previous
simulation). Then we let the system run at T=300K for 0.5 million steps, approximately
25 ns. Two dendrimers were bound to the cluster eventually. To initialize the structures
for the following dissociation process, we repeated the above approaching process at
lower temperature (T=250K) and ten final snapshots of the simulation were chosen
separately so that simulations could start from ten different configurations. The
dissociation processes were performed for another 0.5 million steps until an equilibrium
of the system was reached.
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2.8 Contact definition and the clustering analysis. A contact between two molecules
was defined when at least one pair of heavy atoms from each molecule is within 5.0 Å.
We used the single-linkage criterion to define a molecular cluster, where a molecule
belonged to an existing cluster if it made any contacts with members of the cluster. The
size of a cluster is defined as the number of member molecules. The mean and standard
deviation of contacts and cluster size at each temperature were obtained from system
snapshots in equilibrium. In the case of two G4-NH2 dendrimers with multiple
hydrocarbons, we collected 1,000 snapshots evenly distributed along the final 5 ns of the
simulations. In all other simulations, we utilized 5,000 snapshots evenly distributed
throughout the final 25 ns of the simulations.

2.9 Structural analysis of PAMAM dendrimer. We used two structural parameters to
capture the structure information of dendrimer, including radius of gyration, Rg, to
quantifies dendrimer size, and ellipticity, e, to quantify the shape of dendrimer. Both Rg
and ellipticity can be obtained from the momentum of inertia tensor, I (diazotization of
3x3 matrix results into three eigen-values, Ix < Iy < Iz):

Rg = (Ix + Iy + Iz ) /m ,

(1)

and
e = 1 − (Ix /Iz ) .
€
Here, m is the total mass of the dendrimer.
€

3. RESULTS AND DISCUSSION
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(2)

We used united-atom representations to model both PAMAM and hydrocarbon
molecules in our atomistic DMD study (Methods). We modeled inter-atomic interactions
with van der Waals, solvation, electrostatic, and hydrogen bonds. We used the EEF1
implicit solvent model113 in CHARMM79 to estimate the solvation energy. To ensure
sufficient sampling, multiple independent DMD simulations for each molecular system –
e.g. one ligand with one dendrimer, multiple ligands with one dendrimer, multiple ligands
with multiple dendrimers, as well as multiple ligands alone in solution – were performed
with different initial conditions.

Aromatic PN has a stronger binding to a single G4 PAMAM dendrimer than linear
C16. We first studied the simple case of a single cationic G4 PAMAM dendrimer
interacting with a single hydrocarbon, including C16 and PN. For each type of ligand, we
performed DMD simulations at different temperatures to study the binding
thermodynamics. At each temperature, we performed twenty independent simulations
with different initial configurations, where hydrocarbons were positioned with random
orientations and distances to the dendrimer and each simulation lasted 50 ns (Methods).
In DMD simulations, a ligand was able to bind the dendrimer after random diffusion (Fig.
2.5A). Because of the small size of a single ligand, the energy difference between the
bound and unbound state was small compared to fluctuations. We computed the number
of inter-molecular atomic contacts between ligand and dendrimer to characterize their
binding (Fig. 2.5B). The two molecules were counted as bound if they made any intermolecular contacts between heavy atoms. For each type of hydrocarbon ligand, we
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calculated its binding probability, Pbind, to the dendrimer as a function of temperature (Fig.
2.5C). We used the final 25 ns of each simulation and calculated the averages and
standard deviations over twenty replicates. At low temperatures, the hydrocarbons stayed
bound with Pbind~1 and the ligands were encapsulated inside the dendrimer. As
temperature increased, Pbind decreased due to thermal fluctuations. Assuming a canonical
ensemble with the bound and unbound states, we can estimate the binding free energy,
ΔGbind = -KBT ln Pbind /(1- Pbind). For each temperature, we obtained the ΔGbind of C16 and
PN (Fig. 2.5D). To verify our above approach of ΔGbind estimation, we performed
umbrella sampling to study the binding of a C16 with a single dendrimer at T = 300 K
(Methods). We estimated the PMF as a function of the inter-molecular distance, r, using
WHAM112 (Fig. B3). The 1D PMF had two minima, the one with a shorter r
corresponding to the bound state and the other corresponding to the unbound state. The
PMF barrier related to the dissociation between C16 and the G4 PAMAM dendrimer was
smaller compared to previous computational results between polar drugs and a G5
PAMAM dendrimer, where the binding was governed by strong inter-molecular
hydrogen bond and electrostatic interactions.114 A lower density of amidoamine
monomers in a G4 PAMAM than a G5 dendrimer may also contribute to the smaller
PMF barrier. The binding free energy, estimated as the PMF difference between two
minima was ~ -1.56 kcal/mol, in agreement with the estimation from our unbiased
simulations ~ -1.19±0.52 kcal/mol. The discrepancy was due to the fact that the actual
binding free energy corresponds to the integral of the 1D PMF:
∞

d≠

d

0

kBT ln ∫ ≠ exp[−β PMF(r)]dr − kBT ln ∫ exp[−β PMF(r)]dr ,
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(3)

where distance d≠ corresponds to the free energy barrier separating bound and unbound
states in the PMF plot, and β denotes 1/kBT (Fig. B3). Since the unbound basin was wider
compared to the bound basin, the difference of PMF between bound and unbound basins
was an over estimation. Therefore, the comparison with umbrella sampling validated our
approach to estimate ΔGbind from unbiased DMD simulations.
The estimated ΔGbind has linear temperature dependence for a wide range of
temperatures in simulations and the deviation at low temperatures is probably due to the
insufficient sampling of binding/unbinding events. Based on the temperature dependence
of binding free energy, we can estimate the changes of enthalpy (ΔH) and entropy (ΔS)
associated with ligand-PAMAM binding, ΔGbind = ΔH - TΔS. Using linear regression, we
estimated ΔH and ΔS for both single C16 and PN binding to a single PAMAM (Table
2.3). Compare to C16, PN had a stronger gain of enthalpy but also a higher loss of
entropy upon binding PAMAM. A higher ΔH for PN was due to its planar, aromatic
structure, which had stronger van der Waals interactions with the PAMAM dendrimer
than the linear C16. Also because of the rigid planar geometry of PN, binding with
PAMAM had a stronger confinement effect than the flexible C16, which resulted in a
higher entropy loss ΔS for PN upon binding with PAMAM.
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Figure 2.5 Binding simulations of one hydrocarbon ligand interacting with a single dendrimer. (A) The
total potential energy and (B) the number of inter-molecular contacts were plotted as functions of
simulation time from a typical DMD simulation of one dendrimer interacting with one C16 ligand at T =
300 K. Two snapshots at 10 ns and 40 ns were shown as the insets in panel B. The vertical dashed line
corresponds to the time when two molecules bound to each other. (C) The binding probabilities, Pbind, of
C16 and PHe with dendrimer were computed as functions of temperature. (D) The binding free energy,
ΔGbind of C16 and PN with dendrimer were estimated using Pbind. The blue dashed lines in (D) correspond
to linear fits from T=300K to T=400K. The slope and intercept of the fitting line correspond to ΔS and ΔH,
respectively.

Table 2.3 Enthalpy and entropy changes for various dendrimer-ligand systems. The values were obtained
by fitting ΔGbind as a function of temperature (standard error of linear regression in bracket). The fitting
temperature range was from 300K to 400K except the case of C16 × 20 (from 350K).
Ligands

ΔH, kcal/mol

ΔS, kcal/(mol*Kelvin)

C16

-9.08 (0.61)

-0.0265 (0.0017)

PN

-11.48 (0.67)

-0.0317 (0.0019)

C16

-14.85 (3.61)

-0.0326 (0.0096)

PN

-11.47(0.51)

-0.0306 (0.0014)

x1

x20
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C16 has a higher binding cooperativity to a PAMAM dendrimer than PN. To
evaluate the effect of inter-ligand interactions on hydrocarbons binding to a dendrimer,
which arises from a large number of ligands encapsulated within a dendrimer, we
performed DMD simulations of twenty C16 or PN molecules interacting with one
dendrimer. As in the above single hydrocarbon study, we were interested in the average
binding probability Pbind of each ligand. In principle, if equilibrium is reached in DMD
simulations, the calculated Pbind should be independent of the initial condition, e.g. all
hydrocarbon ligands initially positioned outside or encapsulated inside the dendrimer. As
a simple test, we performed control association simulations starting with all C16 outside
of the dendrimer and found that the results were consistent with the dissociation
simulations starting from all ligands encapsulated by the dendrimer, with the only
difference being the association simulations took more time to reach equilibrium in the
former configuration (Fig. 2.6A). Therefore, in each molecular system, we initially
placed all hydrocarbons encapsulated inside the dendrimer and performed DMD
simulations to equilibrate the system. At each temperature, we computed the average
number of ligands bound to the dendrimer (Fig. 2.6B). We noted that the number of
bound ligands per PAMAM in DMD simulations was higher than that reported in
previous experiments.37 The difference between simulations and experiments is possibly
because of the fact that temperatures in simulations cannot exactly correspond to the
experimental temperatures and that the experimental value was estimated as a lower limit.
We computed the average binding probability Pbind as a function of temperature by
normalizing with the total number of ligands added to the system (Fig. B1). Compared to
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the results of a single ligand binding to the dendrimer, the increased binding probablitiy,
Pbound, implied a cooperative effect for both C16 and PN. Following the same strategy of
single ligand binding, we calculated the effective binding free energy ΔGbind for each
ligand (Fig. 2.6C). We also estimated ΔS and ΔH (Table.2.3). In the case of PN, ΔH and
ΔS remained approximately identical for single and multiple ligands, but the interactions
among the PN ligands did decrease the system energy leading to a slightly stronger ΔGbind
over a wide range of temperatures, suggesting a weak cooperativity. When the system
had multiple C16 molecules, cooperative binding was so strong that we only observed
partially dissociations at high temperatures (Fig. 2.6). Fitted with only a few temperature
points, the estimated ΔH and ΔS featured larger standard errors than other cases.
Nevertheless, compared to single C16, we observed a significant increase in enthalpy
gain ΔH for multiple ligand binding, while changes in ΔS are within error bars. The
significant decrease in ΔGbind for multiple C16 binding suggests a strong binding
cooperativity. Such cooperativity can be explained by the increased hydrophobicity of the
dendrimer core after binding to hydrocarbons, which in turn effectively enhanced the
binding of additional hydrophobic ligands (Figs. 2.6D and E).
Taken together, although PN showed higher binding affinity than C16 in the case
of a single dendrimer interacting with one ligand, as more ligands were added to the
simulation system the relative binding strength of those two ligands reversed (Fig.
2.6C,D). For PN, the binding free energy ΔGbind as well as ΔH and ΔS were strikingly
similar in both the one and multiple ligand binding simulations. But for C16, ΔGbind and
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ΔH were significantly increased in the case of multiple ligand binding. So, what was the
origin for the much stronger binding cooperativity of C16 than PN (Fig. 2.6)?

Figure 2.6 Simulations of twenty hydrocarbons interacting with a single dendrimer. (A) The number of
C16 ligands bound to the dendrimer, Nbound, as the function of simulation time was computed from both
association (black line) and dissociation (red) simulations at T = 300 K. It took approximately 30 ns for the
association process to reach equilibrium. (B) Averaged over independent simulations at each temperature,
the average Nbound was computed for both C16 and PHe. (C) The binding free energy change per ligand,
ΔGbind, was computed from the normalized binding probability (Fig. B1). For comparison, ΔGbind for single
hydrocarbon binding simulations was also included. The blue dashed lines correspond to linear fits from
T=300K to T=400K (except for C16×20 simulations which started from T=350K). Snapshot structures at T
= 300 and 362.5 K were taken from DMD simulations for both C16 (D) and PN (E).
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C16 features strong inter-ligand interaction. We next determined whether the
cooperativity of hydrocarbons encapsulated by a dendrimer was due to the intrinsic
physicochemical properties of each hydrocarbon species. For both C16 and PN, we
performed DMD simulations to evaluate the association dynamics of ligands alone. As
described above, we performed dissociation studies in DMD simulations where we
generated hydrocarbon clusters with different sizes (i.e., comprising 20, 40, 60, and 80
C16 or PN molecules) as initial states and observed the dynamics of dissociation at
different temperatures (Methods). At low temperatures, the initial clusters were stable
during the course of the simulations. As temperature increased, the size of initial clusters
shrank by releasing surface hydrocarbons due to thermal fluctuations. Therefore, we
computed the average size of the largest cluster in simulations as a function of
temperature (Fig. 2.7A). A hydrocarbon ligand with stronger inter-ligand interaction is
expected to have greater thermo-stability, preserving its initial cluster. We found that the
size of C16 clusters did not change significantly within the range of simulated
temperatures. In contrast, PN clusters were less stable and all sizes of the simulated
clusters broke into many smaller clusters at high temperatures. Since our simulations
modeled the association of hydrocarbons in water implicitly, our results are consistent
with the observation that PN has higher solubility in water than that of C16.37
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Figure 2.7 Thermostability of hydrocarbon clusters. (A) The size of hydrocarbon clusters as a function of
simulation temperature. For both C16 and PHe, DMD simulations of hydrocarbon clusters with initial sizes
of 20, 40, 60 and 80 ligands were performed at different temperatures. The number of ligands in the largest
cluster was calculated to quantify the corresponding thermo-stability. Snapshots structures at temperatures
T = 250, 300, and 400K were taken from DMD simulations for both C16 (B) and PN (C). The systems
were in equilibrium at each sampling temperature.

The linear C16 molecule is flexible, while the planar aromatic PN molecule is
rigid. Examination of the snapshots at different temperatures (Fig. 2.7B) revealed that
C16 molecules in its clusters were mostly unstructured and thus C16 clusters were liquidlike. On the other hand, PN had a preferred aggregation orientation, i.e. pi-pi stacking due
to their planar aromatic structure. Compared to the solid-like PN clusters, the higher
entropy of C16 clusters contributed to their higher thermostability. Taken together, C16
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featured stronger inter-ligand interactions than PHe, which resulted in their higher
binding cooperativity to PAMAM.

Strong inter-ligand interactions give rise to the deviation from the unimolecular
micelle paradigm of PAMAM dendrimer. To test whether strong inter-ligand and
ligand-PAMAM interactions were able to overcome the repulsion between cationic
PAMAM to form large molecular complexes, we next modeled the binding of multiple
hydrocarbons interacting with two G4 dendrimers simultaneously. We first generated a
large hydrocarbon cluster, consisting of 80 C16 (or PN) to mimic an oil droplet. Two
dendrimers were initially positioned away from the oil droplet. From above discussion,
we noted that the 80 hydrocarbon system was quite stable below T=300K. We performed
association simulations at T=300K. We monitored both Rg and ellipticity (Methods) to
characterize the dynamic properties of dendrimers (Fig. 2.8A.B). As a control, we
performed DMD simulates of G4 PAMAM dendrimer alone at the same temperature and
computed Rg and ellipticity (see Table B1 where we also compared our results by
comparing them to the previous experimental and computational studies). The decrease
of center-of-mass (CM) distances between the oil droplet and the dendrimer indicated the
association. Compared to isolated PAMAM alone, binding with the hydrocarbon droplet
resulted in increased Rg due to conformational changes of the soft polymer nanoparticle.
The final CM distance was smaller for PN (15 Å) compared to C16 (20 Å) because of
relatively smaller size of the PN droplet. The size difference of droplet can also lead to
differences in Rg and ellipicity of dendrimers upon droplet binding. When attached to a
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larger droplet like C16, dendrimers tended to undergo a larger conformational change in
order to maximize their contact with the droplet, losing structural symmetry in the
process with overall larger ellipticity.

Figure 2.8 Association simulations of droplet binding with two dendrimers. CM distance, radii of gyration
and ellipiticity of (A) Dendrimer-C16 (B) Dendrimer-PN association. The red lines denote corresponding
values of G4-PAMAM dendrimer alone. Snapshot structures at the beginning (0 ns) and ending (25 ns) are
shown as inset.

Starting from the complex structures, we performed dissociation simulations at
different temperatures (Methods). We computed the number of hydrocarbon ligands, NL,

59

each dendrimer encapsulated (or was in contact with) at equilibrium as a function of
temperature (Fig. 2.9A). NL corresponded to 80 if both dendrimers bound to the initial
cluster (e.g. inset snapshot at T=250K in Fig. 2.9A). The number drastically reduced if
the two dendrimers did not bind to the same cluster, reflecting the average of cluster sizes
bound to each dendrimer. For C16, we can see the NL value was approximately 80 across
the entire temperature range, suggesting that both dendrimers were bound to the initial
hydrocarbon cluster without observed dissociation. The branching units of dendrimers
formed multiple hydrophobic interactions with the cluster, rendering the binding very
robust. In contrast, we observed a completely different behavior for the PN cluster
interacting with two dendrimers. As the temperature increased, the average loading for
each dendrimer decreased. Base on snapshot structure (e.g. T=250K, 270K), we noted
that the cluster became thinner with increasing temperature and eventually split
(T=300K). At temperatures higher than 300K, the average NL became approximately a
half of the initial cluster size, ~ 40, suggesting an initial dissociation of the two
dendrimers with additional loss of PN molecules occurring with increasing temperature.
As observed in previous simulations (Fig. 2.6E), the PN were partially dispersed inside
the dendrimer rather than as the stable clusters observed with C16. Therefore, our results
suggest that the supramolecular complexes formed in the experimental study99 of C16
dispersion by PAMAM resembled a multi-molecular micelle structure, where the
hydrocarbons in the core were stabilized by multiple dendrimers binding in periphery.
Such a multi-molecular micelle structure of PAMAM was mainly the result of strong
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inter-ligand interactions instead of ligand-dendrimer interactions (e.g., PN featured a
stronger ligand-dendrimer interaction than C16).

Figure 2.9 Simulations of multiple hydrocarbons interacting with two dendrimers. (A) The number of
hydrocarbon ligands, NL, each dendrimer encapsulated (or was in contact with) as a function of temperature.
The snapshot structures in the inset were taken from DMD simulations at T = 250, 275, and 300K for both
C16 and PN. (B) Ellipiticity and (C) Radius of gyration illustrated the contrasting structures of PAMAM
while binding to C16 and PN. The systems were in equilibrium at each sampling temperature.

The ellipiticity (Fig. 2.9B) and Rg (Fig. 2.9C) have also been computed to
quantify the structural deviation of dendrimers binding to various ligands. In the case of
C16, dendrimers bound to the cluster periphery and displayed notably larger Rg and
ellipiticity values compared to PN. As temperature increased, higher thermal fluctuations
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resulted in increased Rg and symmetry (i.e. reduced ellipticity). As for PN, ligands were
partitioned inside the dendrimers both in the multi-molecular (at low temperatures) and
unimolecular (at high temperatures) states, which resulted in more symmetrical structures
with lower ellipticities than simulations with C16.

4. CONCLUSION
We applied DMD simulations to examine the molecular mechanisms of
dendrimers as oil dispersants using two representative hydrocarbons, C16 and PHe. Our
previous experimental study indicated that G4 PAMAM dendrimers dispersed linear and
aromatic hydrocarbons quite differently, as evidenced in measurements of hydrodynamic
size,99 loading capacity, and stability37 of the resulting complexes formed between the
dendrimer and the hydrocarbons. Based on simulations of single dendrimers interacting
with single and multiple hydrocarbons, we revealed a cooperativity in both C16 and PN
dispersion by dendrimers. Such cooperativity arose from the increased hydrophobicity of
the PAMAM interior upon ligand binding, which in turn facilitated binding of additional
ligands. Such a cooperative binding of polyaromatic naphthalene with PAMAM has also
been observed in recent all atom MD simulations with explicit solvent.29 Although PN
displayed a stronger binding to PAMAM than C16, stronger inter-ligand interactions led
to a higher binding cooperativity for C16 to PAMAM than PHe. Our simulations of
multiple hydrocarbons interacting with each other suggest that the same strong interligand interaction between C16 molecules also attributes to their lower solubility than
PHe. In actual applications of PAMAM as dispersants, the targeted ligands are usually
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mixtures of different types of ligands. For example, in our previous experiments,37 the
mixture of C16 with 8% PN ligands was used as a “model crude”, which displayed a
higher binding cooperativity than PHe. Although we did not model the mixture of C16
and PN in the current study, we expect that C16 will be a “good” solvent for PN and
PAMAM can disperse the hydrocarbon mixtures in the same manner as C16 alone.
Based on the traditional unimolecular micelle paradigm of PAMAM dendrimer,
the binding of ligands is saturated once the dendrimer core is filled up and the maximum
loading is reached. The unusually large size of molecular complexes formed by PAMAM
dendrimers when dispersing C16 suggested a deviation from such an accepted scheme of
PAMAM. By further simulating two dendrimers interacting with multiple hydrocarbons
we found that C16 and G4 dendrimers formed a highly stable micelle structure across the
simulated temperature range (275–400K), in which a small C16 cluster was stabilized by
multiple dendrimers on the periphery; the system of PN and dendrimers, however,
consisted primarily of multiple PN molecules dispersed in the interior of single
dendrimers. These results not only explain the phenomena observed in our earlier
experimental studies37,99 but also illuminate the contrasting mechanisms of dendritic
polymers for oil dispersion, where both ligand-ligand and ligand-dendrimer interactions
contribute to conjure the dendrimer hosting capacity. Such dynamic capacity may serve
as a basis for a range of dendrimer applications in environmental remediation, water
purification, catalysis, and gene and drug delivery.
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CHAPTER THREE
DENDRIMERS IN BIOMEDICAL APPLICATIONS
Dendrimers as surfactants
Wang, B. et al. Thermostability and reversibility of silver nanoparticle-protein binding. Phys. Chem. Chem.
Phys., 2015, 17, 1728. Reproduced in part with permission from Royal Society of Chemistry

1. INTRODUCTION
Recently, understanding the biological responses to engineered nanomaterials has
become an area of research focus, driven by the crucial need of addressing the
transformation, function and safety of nanomaterials introduced into living systems
through intentional administration or accidental exposure.115,116 Compared with the
rapidly growing literature on the electronic, photonic and catalytic applications of
nanomaterials, fundamental interactions involving nanoparticles (NPs) and biomolecular
species are less studied and understood, partly due to the myriad and complex nature of
such interactions, and partly due to the lack of effective methodologies for capturing
atomic- and molecular-level nano-bio interactions.117 Nonetheless, it is generally
recognized that understanding fundamental NP-biomolecular interactions is vital to
delineating and predicting the cellular and organism responses to NPs, and is essential for
enabling the bottom-up design of nanobiotechnology and nanomedicine.118
Proteins are a major class of macromolecules that carry out all biological
functions in vivo. Upon exposure to NPs, the adsorption of proteins, nucleic acids, ions
and lipids gives rise to a generic NP-protein “corona”.118,119 On one hand, the formation
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of the NP-protein corona reflects the thermodynamic nature of NP-biomolecular
interactions towards a minimized surface energy of the NPs in a biological milieu. On the
other hand, the protein corona shields the physicochemical properties of the NPs to elicit
their biological identity.118 Collectively, the combined NP-protein corona entity is
believed to play a central role in determining the transformation, fate and toxicity of NPs
in biological systems.
The formation, dynamics and biological identity of the protein corona has been
studied intensively in recent years.49,119–126 Specifically, the adsorption of the protein
corona has been shown highly dependent on the physicochemical properties of the NPs
(size, shape, surface coating, charge, hydrophobicity and chemical composition), the
structure of the proteins and the composition of the biological medium.118–120 The
residence time of the proteins on the NP surface varies according to the affinities of the
protein species for the NPs, as prescribed by the Vroman effect,127 to give rise to a “soft”
or a “hard” corona.118 Using discrete molecular dynamics (DMD) simulations, we have
recently revealed rapid exchanges between the citrate capping agent of a silver
nanoparticle (AgNP) and ubiquitin, especially during the onset of the AgNP-ubiqutin
corona formation.49 By adjusting the surface hydroxylation of a fullerene, we have
demonstrated the feasibility of a role reversal in rendering a ubiquitin core confined by
the NP.128 Furthermore, corona-free zwitterionic gold NPs have been synthesized by
Moyano et al. by tailoring the hydrophobicity of the synthesized NPs, and cell uptake of
such covalently functionalized NPs has been shown to depend upon the chemical motifs
of the NP surface.129 With regard to the biological responses to the protein corona,
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unfolding of fibrinogen by poly(acrylic acid)-conjugated gold NPs promoted Mac-1
receptor activation and inflammation,123 while transferrin-functionalized SiO2 NPs
displayed a compromised in vitro targeting capability as a result of the corona
formation.122 Despite these efforts, however, the thermodynamics130,131 and reversibility
of NP-protein interactions, two important aspects which underlie the transformation,
function and toxicity of NPs in biological systems, have been little studied and hence
constitute the motivation of the present work.
The two protein species used in this study are hen egg-white lysozyme and bovine
milk alpha lactalbumin (ALact). Lysozyme (129 residues, 41% helical and 9% beta
sheets) and ALact (120 residues, 41% helical and 9% beta sheets) are viewed as
homologs due to their strong resemblance in molecular weight and percentage
distribution of secondary structures. However, these two classes of proteins possess
entirely opposite net charges. Functionally, lysozyme is responsible for the breakage of
peptidoglycans in bacterial cell wall, while the globular metalloprotein of ALact is
present in the milk of all mammals serving as a regulator for lactose biosynthesis.
Lysozyme and ALact are selected as model proteins in this study because of their
biological abundance and contrasting physicochemical properties, including their
similarities in molecular weight and globular size, but disparity in sequence and charge.
AgNPs represent a major class of nanomaterials that are produced in large
quantities by commercial sources and research laboratories, taking advantage of their
antibacterial property132,133 and their superb capacity in inducing surface plasmon
resonance for biological and chemical sensing and DNA hybridization. The synthesis as
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well as storage of AgNPs usually involves the use of citrate, polyvinylpyrrolidone (PVP)
and, more recently, branched polyethyleneimine (bPEI) polymers,134 that are adsorbed
onto the NP surface through van der Waals (VDW) and electrostatic forces to render
water solubility and steric separations to the NPs. Due to the increasing application of
bPEI-coated AgNPs (bAgNPs in short) and paucity of information on the transformation
and behavior of bAgNPs within the biological context,135 we examined the
thermodynamic interactions between bAgNPs and the protein species of lysozyme and
ALact. We further evaluated the effects of these physical interactions on the structural
stability of the proteins.
This paper is organized as follows: the surface charges of lysozyme, ALact and
bAgNPs are first determined and the formation of the NP-protein coronas is visualized by
transmission electron microscopy (TEM). As a central component of the study, the
hydrodynamic size and stability of the proteins in the presence of the NPs are
characterized using an automated, high-throughput and temperature-controlled dynamic
light scattering (DLS) device. To evaluate the biophysical effects of NPs, changes in the
secondary structures of lysozyme and ALact upon their interactions with bAgNPs are
quantified by circular dichroism (CD) spectroscopy. In addition to the experimental
studies, the structural stability of single proteins resulting from their interactions with
bAgNPs at elevated temperatures is examined by the state-of-the-art DMD simulations.
This study offers a new molecular insight into the little known thermodynamics and
reversibility of NP-protein interactions and provides a synergic experimental-
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computational strategy for facilitating our comprehension of the biological and
toxicological implications of engineered nanomaterials.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
2.1 Sample preparations. BioPure bAgNPs of 20 nm in nominal diameter (0.67 mg/mL,
in water) were purchased from NanoComposix. The stock NP suspension appeared
homogeneous and free from precipitation when stored at 4°C or diluted in phosphate
buffered saline (PBS, pH 7.4) at room temperature. Hen-egg white lysozyme (MW
14,307 Da; isoelectric point 11.35) and bovine milk ALact (MW 14,178 Da; isoelectric
point 4.5) were purchased in lyophilized powder form from Sigma-Aldrich. The proteins
were then dissolved in PBS to stock solutions of 3 mg/mL, or 210 µM, prior to use.
2.2 Zeta potential. The zeta potentials of lysozyme, ALact, bAgNPs, and NP-protein
mixtures were determined using a DLS device (Zetasizer Nano S90, Malvern Instruments)
at room temperature. For this measurement the NP and protein stocks were first diluted in
Milli-Q water to 0.5 mg/mL for the bAgNPs and 0.11 mg/mL for the proteins. The use of
Milli-Q water excluded the complications introduced by the ions in buffer. The NPprotein mixtures were obtained by mixing bAgNPs with lysozyme or ALact at a 1:1
volume ratio followed by a 2 h incubation, which ensured a complete coating of the NPs
by the proteins based on geometrical estimations.
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2.3 TEM. The sample solutions/suspensions for TEM imaging were prepared as
predescribed for the zeta potential measurement. Conventional TEM does not result in
clear visualization of polymers or proteins, as such soft matter are subject to shrinkage or
severe radiation damage under the electron beam. Negative staining is a technique
commonly used for the imaging of biological specimens, and has been applied here to
image both the polymer coating and the protein coronas of bAgNPs.
Carbon-coated 300-mesh copper grids were glow-discharged in nitrogen to render
the carbon film hydrophilic. A 4 µL aliquot of each sample was pipetted onto a grid.
After 30 s of adsorption excess samples were drawn off using Whatman 541 filter paper,
followed by staining with 10 µL 2% aqueous potassium phosphotungstate at pH 7.2, for
10 s. Excess stains were drawn off as described before and the grids were air-dried until
needed. The samples were examined using a Tecnai 12 Transmission Electron
Microscope (FEI, Eindhoven, The Netherlands) at an operating voltage of 120 kV.
Images were recorded using a Megaview III CCD camera and AnalySIS camera control
software (Olympus). Under TEM the polymer coating and protein coronas appeared as a
bright region around the dark central AgNPs, as the regions occupied by the organic
material excluded the electron-dense stain, which otherwise appeared as a uniform
background of intermediate electron density.
2.4 Temperature-controlled DLS. The hydrodynamic sizes versus temperature were
acquired for lysozyme, ALact, bAgNPs, and NP-protein mixtures using an automated,
high-throughput, temperature-controlled DLS device (DynaPro Plate Reader, Wyatt) and
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black 384-well plates (Thermo Fisher). Prior to mixing, the NP and the protein
concentrations were prepared at 0.22 mg/mL and 3 mg/mL respectively in PBS. For each
NP-protein mixture, the volume of the proteins was fixed at 6 µL while the volume of the
bAgNPs was varied from 4 µL to 8 µL and 14 µL. The selection of these concentrations
ensured good scattering signals for the DLS device. For the controls the volume of the
bAgNPs was 8 µL while that of the proteins was 6 µL, respectively. The total volume of
each sample well was topped up to 20 µL by adding PBS. Prior to the DLS measurements
the samples were incubated for 2 h and spun for 1 min at 1,000 rpm/164 RCF (Centrifuge
5804, Eppendorf) to ensure good mixing. Each sample well was then topped with
glycerol of 10 µL to prevent volume loss and concentration variations through heating.
The thermal cycler of the DLS device was programmed to an increment rate of
0.52°C/min during heating from room temperature to 50°C (actual temperature recorded:
53.4°C) or 70°C (actual temperature recorded: 71.4°C), respectively, followed by a
decrement rate of 0.52°C/min back to room temperature. The selection of 50°C as one
upper limit for heating ensured a temperature range relevant to biological systems, while
the selection of 70°C exploited the full temperature range when lysozyme is not yet
denatured. At the end of each heating or cooling step of 5s, the optical module collected
data, which was automatically processed and displayed using the Dynamics 7.1.7
software. To ensure repeatability and statistics each sample condition was measured with
triplicates or quadruplicates.
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2.5 Circular dichroism spectroscopy. To access the effects of NP binding on the
secondary structure of the proteins, spectra were recorded using a J-815 circular
dichroism spectrometer (JASCO) for a quartz cuvette of 3 mm path length over a
wavelength range of 195~300 nm at room temperature. Data were collected every 0.1 nm
with a bandwidth of 1 nm at a scanning speed of 50 nm/min and averaged over three
measurements. The proteins (10 µg/mL or 0.7 µM, in PBS) were incubated with bAgNPs
(2 µg/mL, in PBS) for 2 h at room temperature before each measurement. The final
spectra were baseline-corrected and the data were measured in mean residue ellipticity (θ)
and converted to the standard unit of deg·cm2dmol-1 using equation
[θ]=(θ×M0)/(10,000×Csoln×L), where M0 denotes the mean residue molecular weight (114
g/mol), Csoln is the protein concentration (g/mL) and L is the path length through the
buffer (cm).
2.6 DMD simulations. DMD is a special type of molecular dynamics algorithm with
high sampling efficiency, which has been extensively used to model biomolecules.
Detailed descriptions for DMD algorithm can be found elsewhere.138,144 We used a united
atom representation to model the molecular system, explicitly modeling all polar
hydrogen and heavy atoms and with implicit solvent. Inter-atomic interactions were
modeled by a physical force field adapted from Medusa,45,77 which included VDW,
solvation, electrostatic and hydrogen bond interactions. The force field parameters for
VDW interactions, bond length, angle and dihedrals were taken from CHARMM 19.78
The solvation energy was included using the Lazaridis-Karplus implicit solvent model,
EEF1.79 The distance and angular dependant hydrogen bond interaction was modeled

71

using a reaction-like algorithm.45 We used the Debye-Hückel approximation to model the
screened electrostatic interactions between charged atoms. The Debye length was
approximately 1 nm by assuming water relative permittivity of 80, and a monovalent
electrolyte concentration of 0.1 M.
We adopted the recently developed AgP molecular mechanics force field136 to
model the AgNP surface. We used the (111) surface with 10 layers of atoms to model the
NP surface. The AgP force field included both physical and chemical absorptions,
aromatic, and “image” charge interactions. The physical and chemical absorptions as well
as aromatic interactions were modeled with Lennard-Jones potentials. The “image”
charge interaction was modeled with polarizable dipoles, where a freely-rotatable dipole
is attached to each metal atom. We simply attached a charged virtual atom (-0.3e) to
each metal (0.3e) atom with a fixed bond length (1.0 Å) as implemented in the AgP force
field. Except the electrostatic interaction, the virtual atoms did not have any other
interaction. In order to use the AgP force field in our implicit DMD simulations, we also
needed to include the solvation interaction, the solvation energy ΔGsolv in the EEF1
model. To determine the optimal ΔGsolv, we scanned the value and performed DMD
simulations of AgNP binding with various amino acids. We computed the binding
energies of various amino acids with an AgNP surface in DMD simulations and
compared them with the values obtained from MD simulations using AgP136. We
estimated the binding energy in DMD simulations as the difference of the averaged
potential energy of the bound state with respect to the unbound states. We obtained the

72

best correlation between DMD and MD derived binding energies when ΔGsolv=8.0
kcal/mol.
The X-ray crystallography structures of lysozyme (PDB code: 1hen) and ALact
(PDB code: 1f6s) were used as the reference structures. The dimension of Ag(111)
surface was set as ~8×8 nm2. For the replica exchange simulations, we used 12 replica
with temperatures ranging from 275K to 365K. For the constant-temperature DMD
simulations, 20 independent simulations with different initial conditions of relative
distance and orientations were performed in order to reduce any bias of initial
configurations and improve sampling statistics. Counter ions (Cl−, Na+) were added to
render the net charge of the molecular system zero.

3. RESULTS AND DISCUSSION
Zeta potentials of bAgNPs and proteins. The zeta potentials of the proteins and the NPs
in Milli-Q water were determined as +12.1 (±1.6) mV for lysozyme, -14.6 (±3.3) mV for
ALact and +25.8 (±1.5) mV for bAgNPs. In comparison, the zeta potentials were +16.5
(±0.8) mV for the mixture of bAgNP-lysozyme and -13.2 (±1.1) mV for the mixture of
bAgNP-ALact, respectively. The similarity of the zeta potentials of ALact and bAgNPALact suggests a comprehensive coating of the negatively charged protein onto the
positively charged NPs through electrostatic attraction, a feature not shared by the
positively charged lysozyme and bAgNPs due to their mutual repulsion. This observation
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was further corroborated by the TEM and DLS measurements as well as DMD
simulations, as detailed in the following sections.
TEM imaging of NP-protein corona. The TEM imaging showed that the bAgNPs were
of ~20 nm in diameter and each NP was coated by a thin bPEI polymer layer of ~1.7 nm
(Fig. 3.1A), in agreement with the manufacturer’s specifications. Both the lysozyme and
ALact controls appeared globular of 5 nm or less in size (Figs. 3.1B and 3.1C). In
comparison, the mixture of bAgNP-lysozyme (Fig. 3.1D) after 2 h of incubation
displayed a size distribution similar to that of bAgNPs alone, implying the lack of corona
formation for the like-charged NPs and protein, in agreement with the zeta potential
measurement. The mixture of bAgNP-ALact (Figs. 3.1E and 3.1F), in contrast, rendered
protein coronas of approximately 3~11 nm in thickness, indicating the strong binding
between the oppositely charged species and coating of single- to multi-layer proteins on
the NP surfaces.
Hydrodynamic size of bAgNP-protein. As shown in Fig. 3.2A, the hydrodynamic
radius of lysozyme remained at ~2.1 nm (±0.3 nm of standard deviation) for the entire
temperature range of 18~53.4°C. This is understandable considering that melting of
lysozyme occurs at ~73°C.131 The hydrodynamic radius of bAgNPs was 14.7 (±0.2) nm
throughout the same temperature range (Fig. 3.2B), indicating the thermal stability of the
polymer-coated NPs. In contrast, when bAgNPs and lysozyme were mixed at respective
concentrations of 0.088 mg/mL and 0.9 mg/mL, to ensure an abundance of the protein for
a hypothetical NP-protein corona based on a geometrical estimation,130,131 heating from
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room temperature to 53.4°C induced an increase from 14.7 (±0.5) nm to 16.7 (±0.2) nm
in the hydrodynamic radius of the mixture, while cooling caused a reversed process
characterized by a distinct hysteresis (Figs. 3.2C and 3.2D). The 13.6% increase in the
hydrodynamic radius over elevated temperatures suggests a swelling induce by thermal
agitation in the radius of gyration (Rg) of lysozyme. The hysteresis points to a reversible
process of bAgNP-lysozyme interactions, probably resulting from the electrostatic
repulsion between the like-charged NPs and the protein. Consistently, the histograms of
the bAgNP-lysozyme hydrodynamic radius in Figs. 3.2E and 3.2F display a strong
resemblance, with the cooling process inducing a slightly broader but still similar
distribution compared with the heating process. Since the hydrodynamic radius of the
bAgNP-lysozyme mixture mirrors that of the bAgNPs alone, and in consideration of the
principle of DLS that the intensity of light scattering is proportional to the sixth power of
the particle diameter, we infer that there was no substantial formation of a NP-protein
corona for the mixture of bAgNP-lysozyme. This prognosis is consistent with the TEM
observations (Fig. 3.1D).
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Figure 3.1 TEM images of bAgNPs (A), lysozyme (B), ALact (C), bAgNP-lysozyme (D), and bAgNPALact (E, F). The thin white layer of ~1.7 nm surrounding each bAgNP (yellow arrows) is presumably the
bPEI polymer coating (A, D). Both lysozyme and ALact appear as small white globules of 5 nm or less.
The arrows in (E) and (F) indicate ALact coronas of ~3-11 nm in thickness on the bAgNP surfaces.

In contrast to the bAgNP-lysozyme interactions, the binding between bAgNPs
and ALact induced marked increases in the hydrodynamic radius of the bAgNP-ALact
mixture. As shown in Figs. 3.3A and 3.3B the hydrodynamic radius of the ALact control
increased from 2.1 (±0.2) nm to 6.4 (±2.2) nm during heating from room temperature to
53.4°C and scaled back to 3.3 (±0.7) nm during cooling, suggesting the role of thermal
agitation in compromising the structural stability of ALact. In comparison, the
hydrodynamic radius of the bAgNP-ALact mixture rose rapidly to 54 nm at room
temperature and increased further to as high as 247.7 nm at 53.4°C, further characterized
by a pronounced broad distribution (±144.1 nm at 53.4°C, Fig. 3.3C) to indicate cross
linking between the bAgNPs through ALact. Upon cooling, the hydrodynamic radius of
the mixture decreased back to 113.9 (±19.7) nm at room temperature, which is still
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significantly larger than the value of 53.6 nm prior to heating. Compared with the small
hydrodynamic radius of the protein (Figs. 3.3A and 3.3B) and the intermediate size of the
NPs (Fig. 3.2B), and in connection with the TEM imaging (Figs. 3.1E and 3.1F), such
large hydrodynamic radii reflect the formation of NP-protein coronas (indicated by the
multiple peaks in Fig. 3.3E) and NP-protein aggregation mediated by electrostatic
attraction, hydrophobic interaction and hydrogen bonding between NP-protein and
protein-protein. Unlike the bAgNP-lysozyme interactions (Fig. 3.2C), no clear and
repeatable hysteresis was observed for the hydrodynamic radius of bAgNP-ALact
through heating and cooling (Figs. 3.3C and 3.3D). Since the hydrodynamic size
distributions expand up to three orders of magnitude in the histograms of Figs. 3.3E and
3.3F that are dissimilar in either peak positions or relative intensities, also since there is a
lack of prominent peaks around the hydrodynamic radius of bAgNPs (Fig. 3.3E), we infer
that the binding between AgNPs and ALact was strong and irreversible. In addition,
formation of NP-protein aggregation appeared more pronounced with increased NP
concentrations, as evidenced by a comparison of Figs. 3.3G and 3.3H, where the slope of
hydrodynamic radius/temperature was elevated from 8.7 nm/°C to 14.3 nm/°C when the
NP concentration was increased from 0.044 mg/mL to 0.154 mg/mL, with the protein
concentration fixed at 0.9 mg/mL.
Although both bAgNPs and lysozyme remained stable up to 71.4°C (Fig. 3.2B
and Fig. C1A in Supporting Information), the interactions between bAgNPs and
lysozyme prompted their mutual aggregation at or above 70°C, as shown by the sharp
departure of the NP-protein hydrodynamic radius from those at lower temperatures in
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Figs. C1B and C1C (Supporting Information). This phenomenon differs from that in Fig.
3.2, where heating and cooling of bAgNP-lysozyme was confined between room
temperature and an upper limit of 53.4°C. This implies that the presence of bAgNPs
triggered an earlier onset of lysozyme melting, which consequently induced proteinprotein and NP-protein aggregations. Notably, cooling from 71.4°C down to room
temperature did not recover the original hydrodynamic radius of 14.7 (±0.2) nm as
assumed by the NP-protein mixture at low temperatures (Fig. C1D vs. Figs. C1B and
C1C), indicating the irreversible process of bAgNP-lysozyme interactions once the
protein had undergone melting and aggregation. Comparatively, the binding of bAgNPs
and ALact appeared irreversible for heating and cooling up to 71.4°C (Fig. C2),
characteristically similar to that observed for heating and cooling of bAgNP-ALact up to
53.4°C (Fig. 3.3).
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Figure 3.2 DLS measurement of bAgNP-lysozyme heated to 53.4°C (except for (B), where heating extends
to 71.4°C) and cooled back to room temperature. (A) Hydrodynamic radius of the lysozyme control. (B)
Hydrodynamic radius of the bAgNP control. (C) Hydrodynamic radius of bAgNP-lysozyme versus
temperature, displaying a hysteresis between heating and cooling. (D) Corresponding to (C), hydrodynamic
radius of bAgNP-lysozyme versus time. (E, F) Histograms of bAgNP-lysozyme hydrodynamic radius
during heating and cooling, with their zoomed-in views shown in insets for more detail. (A-F) Lysozyme:
0.9 mg/mL and (B-F) bAgNPs: 0.088 mg/mL, all in PBS. The diamond, triangles, squares and stars
represent data points obtained from different sample wells of the same conditions.
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Figure 3.3 DLS measurement of bAgNP-ALact heated to 53.4°C and cooled back to room temperature. (A,
B) Hydrodynamic radius of ALact during heating and cooling. (C, D) Hydrodynamic radius of bAgNPALact during heating and cooling. (E, F) Histograms of bAgNP-ALact hydrodynamic radius during heating
and cooling. (G, H) Hydrodynamic radius of bAgNP-ALact during heating for different NP:protein ratios.
The slopes of the fitted linear trendlines are 8.7 and 14.3 nm/°C, respectively. ALact: 0.9 mg/mL (A-H).
bAgNPs: 0.088 (B-F), 0.044 (G) and 0.154 mg/mL (H). All samples in PBS. The diamond, triangles,
squares and stars represent data points obtained from different sample wells.
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Changes in protein secondary structure induced by bAgNPs. A CD experiment was
performed to provide an insight into the effects of bAgNPs on the secondary structure of
the proteins. As shown in Fig. 3.4 (raw data see Fig. C3), the presence of bAgNPs caused
a reduction in the beta sheet component but minimal changes overall in the secondary
structure of lysozyme. In comparison, binding with bAgNPs yielded a 20% reduction in
the alpha helical content coupled with a 36% increase in the turns of ALact, indicating a
stronger impact on the structure of ALact than lysozyme when exposed to bAgNPs,
consistent with the TEM and DLS observations.

DMD simulations of bAgNP-protein binding. We performed DMD simulations to
examine the binding of a bAgNP with the two types of proteins in silico. The AgNP was
modeled by a (111) silver surface with ten atom layers. The major physical interactions
considered include VDW, solvation energy, and the electrostatic interaction of “image”
charges. The interaction parameters were adopted from a recently developed AgP
molecular mechanics force field136 (Methods). We first modeled the binding of capping
molecules to the NP surface. We used the generation-3 PEI dendrimer to model the bPEI
molecule. As a reference, we also studied citrate coating of the NP by DMD simulations.
We found that both PEI and citrate bound to the AgNP surface (Figs. C4B and C4C) via
charge-“image” charge interactions. In addition, PEI showed a stronger binding to the
AgNP than citrate, as reflected by the higher dissociation temperature of the PEI (Fig.
C4A). This stronger binding of PEI and AgNP was due to the large number of charged
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amine groups of the polymer. This result is consistent with the visual observation that
citrate-capped AgNPs display a slightly higher propensity for aggregation than bPEIcapped AgNPs. We also performed DMD simulations of multiple PEI binding with an
AgNP. Due to the high number of charges of PEI molecules bound to the NP surface, the
local salt concentration near the surface is higher than that of the bulk, and consequently,
the screening effect near the NP surface is stronger than the bulk. Indeed, in DMD
simulations the counter-ions (Cl−) added to neutralize the system were able to account for
the increased screening of the electrostatic repulsion between the highly charged PEI
molecules and the strong PEI-AgNP binding allowed a high density of PEI molecules
covering the NP surface (Fig. C5). For example, eight generation-3 PEI molecules were
able to cover a surface area of ~8×8 nm2 with the surface distances between adjacent PEI
molecules within or equal to the bulk Debye length, ~1 nm.

Figure 3.4 Changes in the secondary structures of lysozyme and ALact upon binding with bAgNPs. The
proteins (10 µg/mL or 0.7 µM in PBS) were pre-incubated with the bAgNPs (2 µg/mL in PBS) for 2 h at
room temperature. The percentages of the secondary structures were calculated by the CDSSTR and
CONTIN/LL algorithms of the CDPro package, using SMP56 and SP43 protein reference datasets.
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Prior to the study of bAgNP-protein binding, we simulated lysozyme and ALact
alone in order to evaluate their corresponding folding thermodynamics. We applied the
replica exchange DMD simulation method for efficient conformational sampling137,138.
Using the weight histogram analysis methods, we computed the specific heat as a
function of temperature for both types of proteins (Fig. 3.5A). Different from ALact, the
specific heat plot of lysozyme displays more than one peak within the temperature range
of 300K to 370K, indicating the population of folding intermediates. The observation of
lysozyme folding intermediates has been reported previously.139,140 Examination of our
simulations indicated that the folding intermediates of lysozyme corresponded to the
partial unfolding of the beta-sheet in the native structure (Fig. C6), which is consistent
with the unfolding pathway identified with all-atom MD simulations.141 The high
temperature peak in the lysozyme specific heat, Tm, corresponds to the global unfolding
where the protein loses its helical content (Fig. 3.5B). Therefore, lysozyme has a higher
melting temperature and better thermostability than ALact, consistent with the
experimental observations (Figs. 3.2A vs. 3.3A).
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Figure 3.5 The folding thermodynamics of lysozyme and ALact derived from DMD simulations. (A) The
specific heat as a function of temperature. (B) The secondary structure content of alpha helices, beta
strands, turns and coils as functions of temperature.
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Next, we performed DMD simulations of protein binding with an AgNP surface
covered by multiple PEI molecules (Fig. 3.6). For each type of the protein species, we
performed binding simulations at a wide range of temperatures from 260K to 360K. To
ensure sufficient sampling at each temperature, we performed multiple independent
DMD simulations (×20) with different initial configurations, including both relative
distances and orientations. In all simulations, PEI molecules stayed bound to the AgNP
surface. We then calculated the number of inter-molecular atomic contacts between a
protein and the PEI-capped AgNP, NCprotein-NP. The histogram of intermolecular contacts
between lysozyme and bAgNP had only one peak near zero (Fig. 3.6A), while the same
histogram of ALact displayed an additional peak with a large number of inter-molecular
contacts (Fig. 3.6B). The binding with a small number of inter-molecular contacts
corresponds to diffusive non-specific interactions that are transient (Fig. 3.6C). In the
case ALact, once the strong binding took place the protein stayed bound to the NP during
the entire course of the simulations (e.g. Fig. 3.6D). Therefore, lysozyme showed only
weak and transient binding to the bAgNPs, while ALact bound to the positively-charged
bAgNPs with a high affinity.
To evaluate the driving force in protein binding, we computed the average
number of inter-molecular contacts of protein binding with the AgNP and PEI separately
(Figs. 3.7A and 3.7B). We found that the binding was dominated by the interaction
between the protein and PEI molecules for both lysozyme and ALact. Due to the
electrostatic repulsion between PEIs (+32e) and lysozyme (+7e), lysozyme binding with
bAgNP was weak. Similarly, the strong ALact-bAgNP binding was dominated by the
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electrostatic attraction between PEI and ALact (-7e). Interestingly, in the case of ALact,
we did not observe competitions among the capping PEIs for the NP surface, unlike our
previous observation of ubiquitin binding with a citrate-capped AgNP.49 This
discrepancy is consistent with the difference in NP-binding affinities between citrate and
PEI (Fig. C4A). As the temperature increased within the sampled range, we did not
observe any changes in the NP-binding probability of ALact (Fig. 3.7B). The increasing
thermo-fluctuations only reduced the average number of inter-molecular contacts.
Therefore, the ALact corona remained stably bound to the AgNP at elevated temperatures.

Table 3.1 The secondary structure contents of ALact at T = 300K. The results without (w/o) NP binding are
obtained from the replica exchange simulations. The results with NP are derived from multiple independent
DMD simulations.

Helix
Strand
Turn
Coil

w/o NP
0.34±0.01
0.17±0.01
0.13±0.01
0.36±0.01

Lysozyme
with NP
0.34±0.01
0.16±0.01
0.14±0.01
0.36±0.01

w/o NP
0.35±0.01
0.21±0.01
0.11±0.01
0.33±0.01
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ALact
with NP
0.31±0.03
0.17±0.01
0.12±0.01
0.40±0.03

Figure 3.6 The binding between a bAgNP and lysozyme (A, C) and ALact (B, D). The histogram of intermolecular atomic contacts between protein and NP, NCprotein-NP for lysozyme (A) and ALact (B) are derived
from DMD simulations. Results from different temperatures are included. (C) A representative trajectory of
lysozyme and bAgNP binding at T = 300K indicates that the binding is transient and weak. (D) A trajectory
of intermolecular contacts between ALact and bAgNP at T = 300K demonstrates both the weak and strong
binding modes. The strong binding with an extensive number of inter-molecular contacts is long lasting.
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To evaluate the conformational changes of the proteins due to their binding to a
bAgNP, we computed the protein secondary structure contents with and without the
bAgNP in DMD simulations (Table 3.1). We found no significant impact on the
lysozyme secondary structure due to its weak binding with the bAgNP. In comparison,
binding with the bAgNP exerted a strong effect on ALact, where the alpha-helix and
beta-strand contents decreased while the coil content increased. The computational
results of changes in protein secondary structures upon bAgNP binding are qualitatively
consistent with the CD experiment (Fig. 3.4), although the exact numbers are not directly
comparable due to the different sample conditions in the two cases. We also calculated
other structural parameters of the bAgNP-bound ALact, including the secondary structure
contents, root-mean-square deviation (RMSD) and Rg, as functions of temperature (Fig.
3.7C). As temperature increased, the NP-bound protein lost their compact secondary
structures like the helices and turns, while the amount of extended conformations of
stands and coils increased. The proteins also significantly lost their tertiary structures
with increased RMSD and Rg, consistent with the observed increases in the
hydrodynamics radius of bAgNP-ALact corona upon heating (Fig. 3.3C). Due to the
well-known challenges in computational modeling of protein refolding, we did not
perform the refolding simulations. However, our computational study suggests that the
strong binding of ALact with bAgNPs may trap the protein in the unfolded states,
resulting in the experimentally observed irreversibility of binding.
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Figure 3.7 The thermodynamics of bAgNP binding with proteins. (A) The binding of the proteins with the
AgNP surface and with PEI was calculated separately as the function of temperature. (B) The frequency of
binding between ALact and bAgNP was computed as the function of temperature. The weak and strong
binding was identified separately. (C) The structural properties of ALact bound to bAgNP, including
secondary structure contents (SS), root-mean-square deviation (RMSD), and Rg, were computed as the
function of temperature. The error bars correspond to standard deviations computed from independent
simulations at each temperature.

4. CONCLUSION
This study has examined the thermodynamics and reversibility of NP-protein
interactions, two important aspects which underpin the transformation, function and
toxicity of NPs in living systems. Specifically, our combined experimental and
computational approach demonstrated that lysozyme and ALact, two homologous
proteins with similar structures but distinct sequences and net charges, displayed
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drastically different binding affinities for bAgNPs (Figs. 3.2, 3.3, 3.6, 3.7). The
negatively charged ALact (-7e) exhibited a strong and irreversible binding to bAgNPs,
while the positively charged lysozyme (+7e) showed only a weak and transient binding
characterized by a distinct hysteresis, as reflected by the contrasting trends in the
hydrodynamic radius (Figs. 3.2 and 3.3) and average number of contacts of the NPprotein mixtures (Figs. 3.6 and 3.7).
Both the CD measurement and DMD simulations (Fig. 3.4 and Table 3.1)
revealed that binding to bAgNPs had a minimal impact on the secondary structure of
lysozyme but a strong effect on the secondary structure of ALact. When compared with
free ALact molecules, binding to AgNPs induced significant losses in its secondary
structure. As temperature increased, ALact did not dissociate from the AgNP (Fig. 3.7B)
while kept losing its structures (Fig. 3.7C), contributing to the increased hydrodynamics
radius of the NP-protein corona as observed in the DLS experiment (Fig. 3.3C). The
increase of the ALact hydrodynamics radius could also be induced by the proteinmediated corona-corona binding. Taken together, protein denaturation in a corona and
inter-corona protein association resulted in the observed irreversibility of bAgNP-ALact
binding upon cooling.
In addition, due to the charge-“image” charge electrostatic attractions, the AgNP
surface can bind either positively or negatively charged molecules (Fig. C4), so that both
bPEI and citrate can be used as the capping agents. Our DMD simulations revealed that
PEI molecules with a high number of cationic primary amines bound to AgNP stronger
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than citrate. PEI molecules did not dissociate from the AgNP within a wide range of
temperatures while citrates already dissociated (Fig. C4A). Such strong binding allowed a
high capping density of PEIs on the AgNP surface, efficiently stabilizing the AgNP from
agglomeration (Fig. C5). With a high number of PEI molecules covering the AgNP
surface that did not dissociate, protein binding with the AgNP was determined by the
physicochemical properties of the PEI capping agent, allowing the oppositely charged
ALact to bind to the AgNP favorably. This observation differs from the case of protein
binding with a citrate-capped AgNP,49 where weakly-bound citrates were rapidly
replaced by ubiquitin molecules upon competitive binding to the AgNP. Therefore, both
the surface chemistry and dynamic properties of ligands play an important role in protein
binding and, thus, the corona formation. This new insight may prove valuable for guiding
nanomaterials design and synthesis.
Methodologically, we were able to develop an all-atom DMD model for AgNP
based on the recently published AgP molecular mechanics force field. Due to limitations
in computational sampling efficiency, molecular dynamics simulations with silver and
gold particles136,142,143 have been mostly focused on NP-binding with small organic
ligands, amino acids and peptides. The efficient sampling of DMD allowed us to study
the structure, dynamics and thermodynamics of the large systems of AgNP-proteins in
the presence of capping agents. The recapitulation of various experiments, including
differential NP-ligand binding (citrates vs. PEI), bAgNP-protein binding (lysozyme vs.
ALact) and changes in protein secondary structure upon bAgNP binding, highlights the
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predictive power of the DMD approach in studying the nano-bio interface for advancing
the fields of nanotoxicology, nanobiotechnology and nanomedicine.
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Dendrimers inhibit protein amyloid aggregations
Gurzov, E. N.; Wang, B. et al. Inhibition of hIAPP Amyloid Aggregation and Pancreatic β-Cell Toxicity by
OH-Terminated PAMAM Dendrimer. Small, 12(12):1615-1626 (2016). Reproduced in part with permission
from John Wiley and Sons

1. INTRODUCTION
Islet amyloid polypeptide (IAPP, a.k.a. amylin) is a 37-residue peptide hormone,
co-synthesized, co-stored and co-secreted with insulin by β-cells, which plays an
important role in the glycemic control by slowing down gastric emptying.145 IAPP is one
of the most amyloidogenic protein sequences known and amyloid deposits of IAPP are
found in ~90% type-2 diabetes (T2D) patients.146 Despite the debate of whether islet
amyloid is the cause or result of β-cell dysfunction, accumulating experimental evidences
suggest that amyloid aggregation of IAPP contributes to the β-cell loss in T2D.147,148
IAPP aggregates — either insoluble amyloid fibrils or soluble oligomers — are found
toxic to β-cells.149,150 IAPP variants from diabetes-prone primates and cats form
aggregates readily in vitro, while those from diabetes-free rodents feature significantly
weak aggregation propensities.151 A naturally occurring S20G mutation renders human
IAPP (hIAPP) more aggregation-prone, while an Asian subpopulation carrying this
mutation is subjected to early T2D onset.152,153 Moreover, transgenic mice expressing
hIAPP start to develop diabetes.154 Therefore, as in many other amyloid diseases,155,156
inhibition of IAPP aggregation is an attractive therapeutic strategy to treat T2D.157
Stored inside β-cell granules at millimolar concentrations, hIAPP is natively
inhibited due to interactions with other granule components, such as high concentrations
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of insulin, zinc, and proinsulin c-peptide.158 Disruption of the natively inhibiting cellular
environment may contribute to the formation of amyloid aggregations in diabetes.154 In
order to reduce the aggregation-induced cytotoxicity, anti-amyloid aggregation
approaches – such as peptides, peptide-mimetics,159–162 and small molecules163–170 – have
been exploited. Non-amyloidogenic sequence variants of hIAPP have been found to
inhibit the fibril formation of hIAPP,159,160 and the inhibition efficacies can be improved
by synthesizing peptide mimetics with conformational restraints.161,162 Several small
polyphenol molecules, such as epigallocatechin gallate (EGCG),163,164 morin hydrate,165
myricetin,166 resveratrol,167,168 and curcumin,169,170 have also been found to inhibit the
amyloid fibril formation of hIAPP. Compared to peptide inhibitors, small molecule
inhibitors have greater therapeutics advantages.171 However, many of these IAPP
aggregation-inhibiting polyphenols, e.g. myricetin, resveratrol167,168 and curcumin, have
poor water solubility and therefore limited accessibility. On the other hand, recent
advances in nanotechnology have opened up new possibilities for nanomedicine-based
delivery of these anti-amyloid compounds.
PAMAM (polyamidoamine) dendrimers are a class of polymeric nanoparticles
(NPs) with branching units iteratively emanating from a central core, adopting a
unimolecular micelle structure in water with a hydrophobic interior and hydrophilic
surface groups.87,93 The number of branching iterations corresponds to the “generation”
of the dendrimer, which dictates the NP size and shape. Usually, PAMAM dendrimers
have primary amines as the terminal groups, which are positively charged at neutral pH
and may induce toxic effects, such as blood clot172 and depolarization of the cell
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membrane.173 One advantage of PAMAM dendrimers is the straightforward
modifications of their surface groups, including replacement of the dendrimer primary
amines with hydroxyl groups to minimize the dendrimer toxicity and enhance its
resemblance to polyphenols in surface properties, while maintaining the dendrimer high
flexibility, small size and good water solubility.
PAMAM dendrimers can host a wide range of ligands,5,94–96 including several
polyaromatic compounds,174,175 and have been used to encapsulate and deliver small
hydrophobic

pharmaceutical

molecules

for

enhanced

water

solubility

and

biodistribution.5 Poly(propyleneimine) (PPI) glycodendrimers have been employed for
the prevention of A-beta aggregation.176 Phosphorous dendrimer, maltose-based
glycodendrimer (mPPI), PPI and poly(ethyleneimine) hyperbranched polymer have
demonstrated anti-prion activity.177–182 Within the scope of T2D research, cationic
PAMAM dendrimer has shown effectiveness in insulin aggregation inhibition.183
Generation-4 (G4) PAMAM dendrimer has shown the capacity to control blood glucose
levels and mitigate hyperglycemia in diabetic rat models.184 In addition, a competitive
binding scheme between fluorescently tagged Concanavalin-A and glycosylated
PAMAM dendrimer has been demonstrated, which may be potentially developed into a
minimally invasive glucose sensor for diabetics.185
In this work, we study the effect of generation-3 (G3) hydroxyl-terminated
PAMAM (PAMAM-OH) on the amyloid aggregation of hIAPP and investigated their
corresponding cytotoxicities using experimental biophysical characterizations combined
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with mechanistic in silico investigations and in vitro and ex vivo assays. We show that the
presence of the dendrimer significantly and consistently reduced the cytotoxicity of
hIAPP in MIN6 and NIT-1 cell lines as well as in mouse islets. This finding was
supported by our high-throughput dynamic light scattering (DLS) experiment and
thioflavin T (ThT) spectroscopic assay, where the aggregation of hIAPP was halted by
the addition of the dendrimer over time courses of up to 8 h. Our discrete molecular
dynamics (DMD) simulations revealed that the dendrimer had a strong binding to hIAPP
monomers, especially the amyloidogenic sequence (residues 22-29).186 Moreover,
simulations of hIAPP dimerization revealed that binding with the PAMAM-OH
dendrimer significantly reduced the formation of inter-peptide contacts and inter-peptide
hydrogen bonds, thereby prohibiting peptide self-association and amyloid formation.
Overall, our multi-scale and multi-disciplinary approaches converge on the discovery that
polymeric PAMAM-OH dendrimers may act as a promising T2D nanomedicine, and may
find additional use in dealing with neurological disorders that are also characterized by
amyloid fibrillation.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
Sample preparations: Human islet amyloid polypeptide (hIAPP)
(KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY; disulfide bridge: 2-7; MW:
3,906) was obtained from AnaSpec in lyophilized powder form. The hIAPP was weighed
on a Cubis MSE balance (Sartorius, 0.01 mg resolution) and dissolved in Milli-Q water to
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form a 0.25 mg/mL (64 µM) stock solution immediately prior to the measurements.
Generation-3 (G3) PAMAM-OH dendrimer (stock concentration: 6.25% in water; MW:
6,941) was acquired from Dendritech (Midland, Michigan) and was diluted in Milli-Q
water to 0.78 mg/mL (112 µM). Each PAMAM-OH dendrimer constituted an
ethylenediamine core and 32 amidoethanol surface groups.
Zeta potential: The zeta potentials of hIAPP (64 µM), PAMAM-OH dendrimer (112 µM)
and hIAPP-dendrimer (1:1 molar ratio) in Milli-Q water were determined using a DLS
device (Zetasizer Nano S90, Malvern Instruments) at room temperature.
TEM: Copper grids (300-mesh, carbon coated) were glow-discharged in nitrogen to
promote hydrophilicity. Aqueous hIAPP (0.1 mg/mL or 26 µM), PAMAM-OH
dendrimer (0.31 mg/mL or 45 µM), and a hIAPP-dendrimer mixture (of equal volume, or
26:45 molar ratio), all incubated overnight at 4°C, was pipetted onto the grids and
allowed 20s of adsorption. Excess samples were then drawn off using filter paper and the
grids washed using Milli-Q water. Staining was undertaken using 2% uranyl acetate for
20 s, with excess stain drawn off as previously described. The grids were dried under
heated airflow for 20-30 s or as needed. The samples were then examined using a Tecnai
G2 F30 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands), operating
at a voltage of 300 kV. Images were recorded using Gatan UltraScan 1000 (2k×2k) CCD
camera (Gatan, California, USA).
High-throughput DLS: The hydrodynamic diameters of the hIAPP (stock: 64 µM),
PAMAM-OH dendrimer (stock: 112 µM) and hIAPP-dendrimer mixtures were measured
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using an automated, high-throughput DLS device (DynaPro Plate Reader, Wyatt;
resolution: 0.5 nm) and black 384-well plates (Thermo Fisher).200 For each hIAPPdendrimer mixture, the volume of the hIAPP was fixed at 6 µL while the volume of the
PAMAM-OH dendrimer was increased from 2 µL to 4 µL and 8 µL, rendering a final
hIAPP concentration of 19 µM and a hIAPP/dendrimer molar ratio of 12:7, 6:7 and 3:7,
respectively. For the controls both the hIAPP and the dendrimer were fixed at 6 µL. The
volume of each sample well was topped up to 20 µL by Milli-Q water. Prior to the DLS
measurement the samples were spun for 1 min at 1,000 rpm/164 RCF (Centrifuge 5804,
Eppendorf) to ensure uniform mixing. An optical module collected data at 20 acquisitions
per sample well at room temperature, which was then automatically processed and
displayed using the Dynamics 7.1.7 software. To ensure repeatability and statistics each
sample condition was measured with quadruplicate. The DLS experiment ran for 470 min
in total.
ThT assay: To study the binding kinetics of hIAPP amyloid fibrils formation, the hIAPP
stock was diluted to a final concentration of 10 µM in 100 mM Tris-HCL (pH = 7.5), 100
mM NaCl buffer and mixed with 25 µM ThT (Sigma) and varied concentrations of
PAMAM-OH dendrimer. Then 100 µL of the each prepared samples was added to a 96
well plate and changes in ThT fluorescence intensity in the control and the hIAPPdendrimer mixtures were recorded every 5 min over 8 h at a constant temperature of 25
°

C using a BioTek Synergy H1 Hybrid Reader (Excitation: 440 nm; Emission: 485 nm).

The time course data were fitted using an empirical equation:
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Where !" and "#$% are the initial and maximum fluorescence intensity, k is the apparent
rate constant of fibrillation, and !" is the time required to reach a half of the maximum
intensity changed.
Discrete molecular dynamics (DMD): DMD is a special type of molecular dynamics
(MD) technique where inter-atomic interactions are modeled by step-wise potential
functions instead of continuous potentials. Without frequent calculations of forces at a
short time step (~femtosecond), the computational efficiency of DMD is increased. The
detailed description of the DMD algorithm can be found elsewhere.41,46 By following the
same physical laws and with discretized inter-atomic potential functions mimicking
molecular mechanics-based force field,108,110 the dynamics in DMD is equivalent to
continuous potential MD at timescales larger than picoseconds with differences mainly at
short timescales within the sub-picosecond range (i.e., the average time step between two
consecutive inter-atomic collisions where a potential energy step is encountered). The
predictive power of the atomistic DMD simulations has been demonstrated by observing
ab initio folding (i.e., without the tertiary structure information in the force field) of a set
of small proteins,108 recapitulating the relative folding rates of different proteins,201 and
capturing the coupled conformational dynamics of large proteins that have been used to
engineer allosterically regulated kinases.202 Recently, we also showed that DMD
simulations could recapitulate the experimentally-determined radius of gyration (Rg) of
PAMAM dendrimers of different generations. In addition to the Rg values, the atomic
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distributions and the corresponding dynamics of PAMAM dendrimers in DMD
simulations were consistent with all-atom MD simulations.175 Therefore, we applied
DMD simulations to study the binding of PAMAM dendrimers with hIAPP peptides.
In our simulations, all molecules were represented by the united-atom model,
where all heavy atoms and polar hydrogen atoms were explicitly modeled. We used
implicit solvent in the simulations. Inter-atomic interactions considered included van der
Waals (VDW), solvation, electrostatic interaction and hydrogen bond. The solvation
energy was estimated using the Lazaridis-Karplus implicit solvent model, EEF1.44 The
distance and angular dependent hydrogen bond interaction was modeled using a reactionlike algorithm.203 We used the Debye-Hückel approximation to model the screened
electrostatic interactions between charged atoms. The Debye length was approximately 1
nm by assuming water relative permittivity of 80 and a monovalent electrolyte
concentration of 0.1 M.
The coordinates of hIAPP were obtained from the protein data bank (PDB code
2L86).204 G3 PAMAM-OH was generated as described previously.175 Basic and acidic
amino acids of the hIAPP were assigned charges according to their titration states at
physiological pH=7.4. The Arg and Lys residues were assigned +1, the Asp and Glu were
assigned -1, while the His was neutral. Tertiary amines in the PAMAM-OH dendrimer
were uncharged. The net charges of the molecular systems were maintained at zero by
adding offsetting charges (Cl-) to account for possible counterion condensation.111 In
DMD simulations, temperature had the unit of kcal/(mol•kB), where kB is the Boltzmann
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constant. Our simulations were conducted at 0.60 kcal/(mol•kB), corresponding to room
temperature T=300 K, with a scaling factor of ~500. The Anderson’s thermostat was used
to maintain constant temperature.
We simulated one dendrimer interacting with one hIAPP monomer and also with
two hIAPP monomers. In each case, we initialized the molecular system by assigning
hIAPP monomers away from the dendrimer with random orientations. We also performed
simulations of a single hIAPP monomer and two hIAPP monomers as the controls. To
ensure sufficient sampling and avoid potential bias of initial conditions, we performed ten
independent simulations for each molecular system starting with different initial
configurations, including randomized velocities, different inter-molecular distances and
orientations. For each independent simulation, energy minimization was first carried out
for one thousand time steps (approximately 0.05 ns with 1 DMD time step corresponding
to ~50 fs), followed by production simulations. Each production run lasted two million
steps (approximately 100 ns), corresponding to an average of approximately 144 CPU
hours.
A contact between a residue of hIAPP and PAMAM-OH dendrimer (or two
residues of hIAPP) was defined with at least one heavy-atom contact (A 5Å cutoff was
used). We computed the content of secondary structures – helix, strand turn and coil –
using the backbone dihedral angles.205,206 All the quantitative calculations, including the
mean and standard deviation of contacts and secondary structure contents, were obtained
from the latter half of production runs where the molecular systems were found in

101

equilibrium. For each simulation, we used 10,000 snapshots evenly distributed along the
final 50 ns for analysis.
Cell culture and viability: C57BL/6 mice were maintained at St. Vincent’s Institute and
experiments were approved by the institutional animal ethics committee. Mouse islets
were isolated and cultured as described previously.207 Islets were dispersed into single
cells with trypsin and DNA fragmentation was analyzed by staining with propidium
iodide.208 The insulin producing MIN6 and NIT-1 cell lines were cultured in DMEM
(Invitrogen, UK) supplemented with 10% fetal calf serum. The percentage cell death of
MIN6 and NIT-1 cells was determined in at least 600 cells per experimental condition by
inverted fluorescence microscopy after staining with the DNA dyes Hoechst-33342 (10
µg/mL) and propidium iodide (5 µg/mL). The cells and islets were cultured in Opti-MEM
(Life Technologies) for treatment with hIAPP (10 µM), PAMAM-OH (6 µM) or 10 µM
hIAPP pre-treated for 16 h with 36 µM PAMAM-OH. hIAPP and PAMAM-OH
concentrations were selected according to published data and our own dose response209.
The cells were treated for 24 h and the islets for 48 h before the viability assessment.
Statistical analysis: Data are represented as means ± SEM. Given the paired nature of the
experimental design, comparisons between treated groups were made by analysis of
variance (ANOVA). A p value <0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
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Figure 3.8 TEM (A-D) and high-throughput DLS (E, F) characterizations of hIAPP aggregation and its
inhibition by G3 PAMAM-OH dendrimers. A: TEM image of hIAPP amyloid fibrils, mostly at 1 µm or
longer, indicated by white arrows. B, C: TEM image of much shortened and sparsely distributed hIAPP
amyloid fibrils (exemplified by white arrows) induced by PAMAM-OH dendrimer. B-D: The spherical
particles (exemplified by green arrows), a few nanomaters in size, are inferred to be hIAPP-dendrimer
clusters as they were entirely absent in the dendrimer (Figure S1) or hIAPP control images (A). This is
further corroborated by the co-localizations of such spherical particles with the fibrils in B and C indicating
binding between the dendrimer and peptide species. Incubation times for A-D: overnight. hIAPP
concentrations in A-C: 0.1 mg/mL (25 µM) and 0.05 mg/mL (12.5 µM), respectively. Dendrimer
concentration in B-D: 0.16 mg/mL (23 µM). E, F: Time evolutions of the hydrodynamic diameters of
hIAPP (19 µM) and hIAPP-dendrimer mixture at a 6 µL:4 µL volume ratio (or 6:7 in molar ratio),
respectively. Inset of F: Size distribution of PAMAM-OH dendrimer (33 µM) over time.

3.1 Experimental evidences of hIAPP fibrillation inhibition by G3 PAMAM-OH
dendrimer
The zeta potentials of hIAPP and PAMAM-OH dendrimer were first determined
to be +4.71 (±0.39) mV and -10.5 (±1.51) mV in Milli-Q water at room temperature. In
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comparison, hIAPP-dendrimer mixture at a 1:1 molar ratio rendered a zeta potential of 4.85 (±0.38) mV. TEM imaging showed the occurrence of abundant amyloid fibrils after
overnight incubation of hIAPP at 0.1 mg/mL (26 µM), which were usually ranged over 1
µm in length (Figure 3.8A) and 7~14 nm in width. This is consistent with the literature187
and the understanding that hIAPP at micromolar concentrations is prone to fibrillation
through molecular assembly.188 In the sample where hIAPP and dendrimer were mixed
with equal volumes, short (tens of nm) fibrils were occasionally spotted and associated
with small spherical objects of less than 10 nm in size (Figures 3.8B, C). These spherical
objects were prevalent regardless of the presence of fibrils (Figures 3.8B-D), and are
inferred to be hIAPP-dendrimer clusters as they were absent in either the dendrimer
(Figure D1) or the hIAPP control images (Figure 3.8A). Co-localization of such spherical
particles with fibrils in Figures 3.8B&C further vindicates binding between the dendrimer
and the peptide species. Similar spherical nanostructures were reported for G5 PAMAM
dendrimers complexing with linear zwitterionic chitosan.189 This result suggests that
PAMAM-OH dendrimer could act as an inhibitor for hIAPP polymerization in the
aqueous phase.
Amyloid aggregation of hIAPP was evident from the high-throughput DLS
measurement (Figures 3.8E, F). At the initial time point (Figure 3.8F, 0 min), hIAPP
displayed a single major peak of hydrodynamic diameter (by mass percentage) centered
at 2.2 nm (±0.7), corresponding to the size of a peptide monomer. As time progressed, the
single peak of the peptide evolved into more irregular and broader distributions,
characterized by double or multiple peaks at significantly larger sizes of tens of
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nanometers to micrometers. Specifically, two prominent peaks were seen for hIAPP
aggregates at the time points of 45th min and 130th min, while three major peaks were
recorded at the time point of 360th min, centered at 56.5 nm, 767.8 nm and 4,590.8 nm,
respectively. At the last registered time point of 470th min, two major peaks occurred at
58.1 nm and 3,583.4 nm (Figure 3.8E). The dendrimer controls, in comparison with the
hIAPP samples, displayed little variations in hydrodynamic size over time, at a highly
monodisperse value of 2.2 nm (±0.1) (Figure 3.8F inset). Here the size of G3 PAMAM
was averaged over 20 data points, with each trace ranging between 2-4 nm in Figure 3.8F
inset. These are reasonable hydrodynamic sizes of the G3 dendrimer and hIAPP
monomers, especially considering the instrument resolution (0.5 nm) and ultrasmall
scattering sample volumes (20 µL) of the high-throughput DLS technique. A direct
comparison between the TEM and DLS sizes of the dendrimer or hIAPP was not feasible
due to the different samples conditions (dehydrated vs. hydrated state) and different
working principles and sensitivities of the two techniques. Consistently with the TEM
imaging, when the peptide and the dendrimer were mixed together at a molar ratio of 6:7,
the process of amyloid aggregation of hIAPP was largely stalled (Figure 3.8F), yielding a
single major peak at 2.6 nm (±0.3) in hydrodynamic size. In consideration of the 6th
power size dependence of DLS we exclude the presence of traceable hIAPP fibrils in the
sample mixture. Comparable results were seen for hIAPP-dendrimer of two other molar
ratios of 12:7 and 3:7 (data not shown), indicating effectiveness of using PAMAM-OH
dendrimer for the inhibition of hIAPP aggregation.
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Figure 3.9 ThT assay showing the effect of G3 PAMAM-OH dendrimer on hIAPP aggregation. The
inhibition effect of the dendrimer on hIAPP aggregation is evidenced by the monotonic decrease of the ThT
fluorescence intensity with increased dendrimer concentration, indicated by the arrow to the right. The
dendrimer control showed negligible fluorescence. hIAPP: 10 µM. PAMAM-OH dendrimer: 0.2~100 µM.
The assay was run for 8 h. Excitation/Emission: 440/485 nm. (Inset) Total amount of aggregates,
corresponding to the maximum fluorescence intensities obtained by the sigmoidal fitting (Methods; dashed
lines), is shown as a function of dendrimer/hIAPP ratio. At relatively low dendrimer/hIAPP ratios (≤0.2), a
linear decrease of the total aggregates was observed (red lashed line). Such linear decrease levelled off at
higher dendrimer/hIAPP ratios.

Thioflavin T (ThT) is a commonly used assay for the visualization and
quantification of amyloid fibrillation induced by protein misfolding and aggregation.190
Specifically, binding of ThT dye to cross-beta architecture induces an enhanced
fluorescence intensity, sometimes accompanied by a redshift in the peak fluorescence
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wavelength. Changes in the ThT fluorescence intensities are used to indicate the amount
of amyloid aggregates. Figure 3.9 shows the time-course data of hIAPP with the
empirical sigmoidal fitting (dashed lines). Upon excitation of the ThT-stained samples at
440 nm, the control hIAPP displayed the highest change in fluorescence intensity
indicating a rapid amyloid formation of pure hIAPP over time. Addition of PAMAM-OH
dendrimer resulted in a significant decrease in the fluorescence intensity signifying
inhibited amyloid aggregation. Specifically, the maximal inhibition of aggregation was
observed at the highest dendrimer to hIAPP molar ratio (10:1) with the fluorescence
signal being 2.3 folds less than it was for the control hIAPP at the plateaus. ThT at 25
µM, which is significantly above its critical micelle concentration of 4 µM,191 assumed
micelles in the sample mixtures. Compared to H-bonding and electrostatic interactions
that are favorable between ThT micelles and amyloids,191 the interaction between ThT
micelles and PAMAM-OH dendrimer could only play a minimal role judging from the
absence of complete fluorescence quenching at high dendrimer concentrations (10~100
µM).
Fitted with the empirical sigmoidal function (Experimental Section), the amount
of amyloid aggregates corresponding to the maximum ThT fluorescence intensity can be
obtained as a function of relative dendrimer/hIAPP ratio (Figure 3.9 inset). At relatively
low dendrimer/hIAPP ratios (≤0.2), a linear decrease of total aggregates with increasing
dendrimer/hIAPP ratio was observed. Such linear dependence suggests an inhibition
scenario, where the PAMAM-OH dendrimer inhibited hIAPP amyloid aggregation by
sequestering hIAPP monomers. The linear decrease of amyloid aggregations slowed
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down at higher dendrimer/hIAPP ratios, likely a result of the self-association of
dendrimers via their hydrophobic interiors exposed through constant thermal fluctuations.
Nevertheless, the total amount of amyloid aggregates continued to decrease
monotonically with increased dendrimer, highlighting strong amyloid inhibition by the
polymeric NPs. Specifically, the time !" taken for the reaction to reach the half intensity
maximum was delayed from 170 min for the hIAPP control to 191 min at the highest
dendrimer/hIAPP molar ratio of 10:1, while the apparent rate constant of fibrillation k
was reduced from 0.037 min-1 to 0.026 min-1.

3.2 Molecular details of hIAPP fibrillation inhibition by g3 PAMAM-OH dendrimer
To understand the mechanisms of hIAPP aggregation inhibition by PAMAM-OH,
atomistic discrete molecular dynamics (DMD) simulations were conducted (Experimental
Section). We studied the binding of generation-3 PAMAM-OH dendrimer with a hIAPP
monomer as well as the effect of PAMAM-OH dendrimer on hIAPP dimerization, an
important step toward amyloid aggregation.186,192 Since the binding of multiple
macromolecules is highly stochastic (e.g., Figure D2), we performed ten independent
simulations for each molecular system to ensure sufficient sampling. Each simulation
started with different initial conditions, including randomized velocities, different intermolecular distances and orientations. With each simulation ~100 ns long, we obtained an
accumulative 1 µs simulation for each studied molecular system.
3.2.1 Dendrimer binds to the amyloidogenic sequence of individual hIAPP
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Simulation on dendrimer binding to individual hIAPP was initialized by assigning
a hIAPP monomer near a PAMAM-OH dendrimer with random orientations. In order to
examine the possible conformational changes of the hIAPP while interacting with the
dendrimer, we also simulated the hIAPP monomer itself as a control. We calculated the
contact frequency (Figure 3.10A) and number of atomic contacts (Figure 3.10B) between
each individual hIAPP residue and the dendrimer. Hot-spot residues with peaks in the
number of contact and relative high binding frequency were observed, which implied
strong inter-molecular binding. Interestingly, many of hot-spot residues located near the
c-terminal, corresponding to the amyloidogenic residues (residues 22-29).186 Examination
of the molecular complex in simulations (e.g., a snapshot structure in Figure 3.10C)
suggests that the hIAPP was embraced by the flexible dendrimer, especially near the
amyloidogenic region. A comparison of the peptide secondary structures between hIAPP
alone and in the presence of dendrimer (as illustrated in Figure 3.10D) indicates that no
significant difference was induced, which can be explained by the flexible nature of lowgeneration dendrimers.11
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Figure 3.10 (A) Binding frequency and (B) number of atomic contacts between a G3 PAMAM-OH
dendrimer and individual hIAPP residues. (C) A snapshot from DMD simulations, where the dendrimer is
shown in spherical representation in gray. The peptide in cartoon representation is colored rainbow, where
blue corresponds to the N-terminal and red denotes the C-terminal. (D) Secondary structure contents for
simulations of hIAPP alone and in the presence of PAMAM-OH dendrimer.

3.2.2 Binding with dendrimer inhibited inter-hIAPP interactions
We further simulated one dendrimer with two separated hIAPP monomers, where
each hIAPP monomer was positioned away from the PAMAM-OH dendrimer with
random inter-molecular distances and orientations. For comparison, we performed
simulations of two hIAPP monomers. We first calculated the average number of hIAPP
peptides bound to the dendrimer as a function of time (Figure 3.11A). Despite the initial
fluctuations, the number was close to ~1.2 near the end of the simulations, consistent
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with the DLS observations of peptide aggregation inhibition at hIAPP/dendrimer molar
ratios of 12:7, 6:7 and 3:7. The effect of the dendrimer on inter-hIAPP interactions was
evaluated by computing the histograms of the number of inter-peptide contacts (Figure
3.11B) and hydrogen bonds (Figure 3.11C). In the presence of the dendrimer, the
probability of observing a higher number of inter-peptide contacts, Pnc, was reduced.
Similarly, the number of inter-peptide hydrogen bonds, Nhbond, was also significantly
reduced. Especially, in the presence of the dendrimer, the exponential decrease of the
probability of observing a given number of inter-chain hydrogen, Phbond, with increased
Nhbond suggests no formation of stable β-sheet like structures between the two peptides. In
contrast, peaks (shoulders) of the Phbond profile in the hIAPP dimer simulations
corresponded to the formation of stable (meta-stable) β-sheets.
To further characterize the structural properties of hIAPP dimers, we computed
the inter-monomer contact frequency for all residue pairs with and without the dendrimer.
In the case of hIAPP dimer alone, high frequency areas were mostly along the diagonal
near the amyloidogenic regions (Figure 3.12A), consistent with the formation of a
parallel β-sheets conformation between the amyloidogenic regions (Figure 3.12B) as
observed previously.186 In the presence of the dendrimer, we observed a more scattered
pattern (Figure 3.12C). The relatively strong inter-peptide binding occurred in the
hydrophobic region near the N-terminal (residues 15-17, F15LV17) as illustrated by a
snapshot structure with the dendrimer bound to both hIAPP peptides (Figure 3.12D),
while the amyloidogenic region of one of the peptides (corresponding to the yellow
region in Figure 3.12D) were protected by binding with the dendrimer. It should be noted
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that in the aqueous phase, unlike in silico, there is little control for hIAPP to assume the
monomer or dimer state due to its rapid fibrillation kinetics. In this sense DMD
simulations are advantageous over experiments in revealing the mechanisms of hIAPPdendrimer interaction. Extrapolating the current observation from hIAPP dimer to
oligomers and fibrils, we conclude that PAMAM-OH dendrimer inhibited amyloid
aggregation of hIAPP by binding to and encapsulating the amyloidogenic sequences, thus
preventing their self-association and formation of inter-peptide hydrogen bonds toward
amyloid fibrillation.

Figure 3.11. (A) The number of hIAPP peptides bound to a G3 PAMAM-OH dendrimer as a function of
the simulation time, which was averaged over ten independent simulations (e.g., Fig. S1). (B) The
probability densities of the number of inter-hIAPP contacts, Pnc, and (C) the number of inter-hIAPP
hydrogen bonds, Phbond, for simulations of both hIAPP dimer and hIAPP dimer interacting with a single
PAMAM-OH dendrimer.
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3.3 PAMAM-OH dendrimer protects β-cells from hIAPP-induced cell death
Next, we determined whether inactivation of hIAPP aggregation by PAMAM-OH
can prevent the peptide toxicity in pancreatic β-cells. For this purpose, the mouse β-cell
lines MIN6 and NIT-1 were treated with 10 µM hIAPP, 6 µM PAMAM-OH, or
combination of both. After 24 h treatment, the cells were exposed to the DNA binding
dyes Hoechst 33342 and propidium iodide. Hoechst 33342 freely diffuses and enters cells
with intact or damaged membranes, staining DNA blue. Propidium iodide, a highly polar
dye, is impermeable to cells with preserved membranes and only stains DNA of death
cells as red. Viable cells were identified by their intact nuclei with blue fluorescence,
whereas cell death was quantified by blue-red fluorescence or by fragmented blue
nuclei.193
As a control we first treated NIT-1 cells with PAMAM-OH (6 µM) for 24 h,
stained them with Hoechst-33342, and performed immunofluorescence and light
microcopy. The dendrimers did not interfere with nuclear DNA staining, as clearly shown
in Figure 3.13. We then observed that culture of the mouse β-cell lines with 10 µM
hIAPP for 24 h resulted in 50-90% cell death (Figures 3.14A, B), as previously
reported.194 However, pre-treatment of hIAPP with 36 µM PAMAM-OH inhibited fibril
formation and prevented hIAPP-induced cell death (Figures 3.14A, B). Consistent results
were observed for pre-treatment of hIAPP with equal molar concentration of PAMAMOH (both at 10 µM) in NIT-1 cells (Figure D3). Importantly, we confirmed this result in
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primary cells. Uniformly sized mouse islets from C57BL/6 mice were handpicked into 1cm Petri dishes containing 1.1 mL of 10 µM hIAPP, 6 µM PAMAM-OH or combination
of both, and cultured for 48 h. At the end of the culture period, islets were dispersed with
trypsin, and resuspended in 250 µL of hypotonic buffer containing 50 µg/mL propidium
iodide, which stained nuclear DNA. The cells were analyzed by fluorescence-activated
cell sorter (FACS), and cell death was identified by their subdiploid DNA content as
previously described.195 Dispersed mouse islets incubated with hIAPP for 48 h showed
25% viability, whereas pre-incubation with PAMAM-OH reduced hIAPP-mediated cell
death by more than 50% (Figure 3.14C). These in vitro and ex vivo assays consistently
point to the direction that PAMAM-OH dendrimer is an effective inhibitor of hIAPPinduced cytotoxicity.
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Figure 3.12. Dimerization simulations of hIAPP with and without a G3 PAMAM-OH dendrimer. The
residue-wise contact frequencies between two hIAPP peptides were obtained from DMD simulations of
two hIAPP monomers alone (A) and interacting with a PAMMA-OH dendrimer (C). We note the
difference in the scale of color bars, where the hIAPPs alone case show a higher binding frequency. For the
hIAPP dimer alone, the interactions between the two peptides are mostly between the amyloidogenic
regions (residues 22-29) of each chain. In the presence of the PAMAM-OH dendrimer, the interactions are
more scattered. (B) A typical snapshot structure from the hIAPP dimer simulation. The peptide in cartoon
representation is colored rainbow, where blue corresponds to the N-terminal and red denotes the Cterminal. A beta-sheet is formed between the amyloidogenic regions (the yellow regions), while the Ntermini remain helical. (D) A snapshot structure from the hIAPP dimer simulation in the presence of the
PAMAM-OH dendrimer (in spherical representation). The amyloidogentic region of one peptide was
buried by binding with the dendrimer. The hydrophobic region around residues 15-17 (F15LV17), which
formed inter-peptide interactions, was highlighted in sticks.
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A number of mechanisms have been proposed in the literature concerning hIAPPinduced cytotoxicity: disruption of membrane fluidity and the subsequent intracellular
hemostasis, generation of reactive oxygen species (ROS) which results in cell death, and
apoptosis.196 Due to its hydrophilicity and weakly negative charge, PAMAM-OH
dendrimer alone is not expected to show notable cell uptake. On the other hand, although
hIAPP is weakly positively charged (4.71 mV), binding of hIAPP with PAMAM-OH
dendrimer rendered a slightly negative zeta potential of -4.85 mV, thereby reducing
propensity of the peptide for negatively charged cell membranes to discourage membrane
adsorption and cell uptake. Furthermore, encapsulation of hIAPP monomers and their
small structural derivatives (i.e., dimers and oligomers) by G3 PAMAM-OH dendrimer
prevented the peptides from evolving into hydrophobic fibrils, further minimizing hIAPP
perturbation to cell membranes and cell uptake.

Figure 3.13. 7.5x104 NIT-1 cells were treated with PAMAM-OH (6 µM) for 24 h and nuclear DNA
staining evaluated by Hoechst-33342 (blue) and cell morphology by light microscopy. The blue staining
corresponds to nuclear DNA in the cells, indicating that PAMAM-OH did not interfere in the viability
assay of Figure 7. Images are representative of 5 different fields taken for each sample, Scale bars: 50 µm.
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Using the CM-H2DCFDA assay, Feliu et al. showed that G4 PAMAM-OH
dendrimers at concentrations lower than 50 µM elicited no ROS in primary human
bronchial epithelial cells.197 It is conceivable that G3 PAMAM-OH dendrimer used in our
study, due to its much reduced numbers of surface groups (32 per G3 vs. 64 per G4
dendrimer) and branches for a given molar concentration, would be comparably or less
active in ROS production. Furthermore, binding with the dendrimer could also reduce
ROS production by the peptides and their aggregates, as electron-donor peptide residues
could be partially buried inside the dendrimer to become less accessible to oxygens and
free radicals in the cellular environment. Specifically, all the oxidation-prone residues198
of hIAPP, including Phe15, His18, Phe23 and Tyr37, showed strong binding with the
dendrimer (Figures 3.10A, B) and thus were buried inside the dendrimer upon
interactions (Figure 3.10C). A similar phenomenon was observed for the case of hIAPP
dimer interacting with the dendrimer (Figures D4, 5D).
Although limited data is available in literature with regard to the apoptotic
potential of dendrimers, G3 PAMAM-OH dendrimers at concentrations up to 500 µΜ –
one to two orders of magnitude higher than those employed in our cellular studies – have
been shown none apoptotic in MCF7 and MDA-MB-231 breast cancer cells.199 In short
of above analysis, it is plausible that the presence of G3 PAMAM-OH dendrimer
physically or physicochemically screened and mitigated the cytotoxicity of hIAPP.
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Figure 3.14. G3 PAMAM-OH dendrimer protects β-cells from hIAPP-induced cell death. (A) MIN-6 cells
were left untreated (control) or incubated with PAMAM-OH, hIAPP or combination for 24 h. Cell death
was evaluated by Hoechst-33342 (blue)/propidium iodide (red). White arrows indicate propidium iodide
positive cells. Data shown are means ± SEM of 3 independent experiments. *P < 0.05. Scale bar: 100 µm.
(B) NIT-1 cells were untreated (control) or incubated with PAMAM-OH, hIAPP or combination for 24 h.
Cell death was evaluated by Hoechst-33342 (blue)/propidium iodide (red). White arrows indicate
propidium iodide positive cells. Data shown are means ± SEM of 3 independent experiments. ***P <
0.001. Scale bar: 100 µm. (C) DNA fragmentation was measured by flow cytometry in islets from C57BL/6
mice cultured in medium containing PAMAM-OH, hIAPP, or combination for 48 h (n=4). Data shown are
means ± SEM, *P < 0.05.

4. CONCLUSION
We have demonstrated the remarkable effect of G3 PAMAM-OH dendrimer on
the inhibition of hIAPP aggregation. While hIAPP of micromolar concentrations
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underwent rapid nucleation and elongation in aqueous (Figures 3.8A, C; Figure 3.9), the
presence of the dendrimer effectively halted hIAPP polymerization (Figures 3.8B, D;
Figure 3.9). The molecular details of such peptide-dendrimer interactions and their
induced inhibition of peptide aggregation were further revealed by DMD simulations,
where the dendrimer bound to the amyloidogenic regions of hIAPP monomers and
impaired the formation of inter-peptide hydrogen bonds and hydrophobic interactions
between hIAPP dimers toward amyloid fibrillation (Figures 3.10-3.12).
When hIAPP-dendrimer were introduced to MIN6 and NIT-1 cells and mouse
islets, all cell lines and primary cells consistently exhibited significantly reduced
cytotoxicity compared with those exposed to hIAPP alone (Figure 3.14). This
phenomenon was attributed to the decreased zeta potential (and hence declined affinity)
and stalled fibrillation (and hence reduced perturbation) of the peptide for cell
membranes upon dendrimer binding, as well as reduced cellular exposure of the
oxidation-prone peptide residues that were buried in the dendrimer. Taken together, G3
PAMAM-OH dendrimer not only effectively hindered hIAPP aggregation in aqueous and
in silico, but also significantly mitigated the toxic effects of the peptides and their
aggregates in vitro and ex vivo. In practice, the high cost of G3 PAMAM-OH dendrimer
may be circumvented by the use of its analogue that is comparable in both structural and
physicochemical properties, the G3 hyperbranched bis-MPA polyester-32-hydroxyl
polymer. This research offers a novel strategy for targeting T2D as well as neurological
disorders, and opens the door to the screening and development of other classes of NPs
and nanomedicines for amyloid inhibition.
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CHAPTER FOUR
CONCLUSION
This dissertation has explored the interactions between dendrimer and a variety of
biomolecules including small carbon-based NPs, metal-based NPs, and proteins/peptides.
While my investigations were mostly through a computational approach i.e. discrete
molecular dynamics (DMD) simulation, a lot of experimental measurements such as UVvis spectrophotometry, fluorescence, TEM, DLS, Circular dichroism spectroscopy (CD),
were also implemented providing supplementary measurements. As current studies of
dendrimer-biomolecules interactions are mostly phenomenological based, I believe
understanding structure-function relationship of dendrimers from a molecular level would
provide profound knowledge to better design and apply dendrimers in the future.
This work has been divided into two portions corresponding two major directions
of using dendrimers, namely, environmental applications and biomedical applications.
Under each direction, two closely related studies were presented. More specifically,
studies of “Structure-function relationships of dendrimers” and “Mechanisms of
dendrimer-small molecules binding” were under the Chapter 2 of “Dendrimer in
environmental applications”. Studies of “Dendrimers as surfactants” and “Dendrimers
inhibit protein amyloid aggregations” were under the Chapter 3 of “Dendrimers in
biomedical applications”.

Structure-function relationships of dendrimers
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In this study, I have shown the behaviors of model oil molecules including
aliphatic, aromatic, and hybrid hydrocarbons associating with PAMAM-based
dendrimers. A lot of interesting results have been observed from experimental
measurements. More specifically, model oil molecules could be stably dispersed by
PAMAM-based dendrimers over a wide range of temperatures. However, dendrimers
with different surface chemistries i.e. G4-NH2, G4-OH and G4-SA are varied in
dispersion efficiency especially at varied environmentally relevant temperatures. To
achieve a molecular explanation for those experimental observations, I performed DMD
simulations. It revealed that G4-SA and G4-NH2 bind much more strongly to
hydrocarbons than G4-OH due to this neutral dendrimer collapsing, closing off access to
the hydrophobic interior. However, changes in tertiary amine pKa and resulting interior
protonation in G4-SA due to the abundance of terminal acidic groups severely limited
their hydrocarbon hosting capacities.
Another significance of this study was that DMD simulations was benchmarked
in modeling dendrimer systems. I simulated dendrimers with different generations and
surface chemistry and compared my atomistic characterization with existing experimental
measurements. And I found that DMD was similar or better in describing the structure
and dynamics of dendrimers than other computational methods. Thus, it was proved to be
an effect tool in studying dendrimer system.

Mechanisms of dendrimer-small molecules binding
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From the previous study, I learnt that the physicochemical properties of
dendrimers are important factor that determining dendrimer-ligands association. As a
back-to-back study, I would like to know how the physicochemical properties of ligands
affecting the encapsulating paradigm. This study was of great significances considering
dendrimers were designed to be delivery vehicles or nanocontainer.
We applied DMD simulations to examine the molecular mechanisms of
dendrimers as oil dispersants using two representative hydrocarbons, C16 and PHe. Our
previous experimental study indicated that G4 PAMAM dendrimers dispersed linear and
aromatic hydrocarbons quite differently, as evidenced in measurements of hydrodynamic
size,99 loading capacity, and stability37 of the resulting complexes formed between the
dendrimer and the hydrocarbons. Based on simulations of single dendrimers interacting
with single and multiple hydrocarbons, we revealed a cooperativity in both C16 and PN
dispersion by dendrimers. Such cooperativity arose from the increased hydrophobicity of
the PAMAM interior upon ligand binding, which in turn facilitated binding of additional
ligands. Such a cooperative binding of polyaromatic naphthalene with PAMAM has also
been observed in recent all atom MD simulations with explicit solvent.29 Although PN
displayed a stronger binding to PAMAM than C16, stronger inter-ligand interactions led
to a higher binding cooperativity for C16 to PAMAM than PHe. Our simulations of
multiple hydrocarbons interacting with each other suggest that the same strong interligand interaction between C16 molecules also attributes to their lower solubility than
PHe. In actual applications of PAMAM as dispersants, the targeted ligands are usually
mixtures of different types of ligands. For example, in our previous experiments,37 the
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mixture of C16 with 8% PN ligands was used as a “model crude”, which displayed a
higher binding cooperativity than PHe. Although we did not model the mixture of C16
and PN in the current study, we expect that C16 will be a “good” solvent for PN and
PAMAM can disperse the hydrocarbon mixtures in the same manner as C16 alone.

Based on the traditional unimolecular micelle paradigm of PAMAM dendrimer,
the binding of ligands is saturated once the dendrimer core is filled up and the maximum
loading is reached. The unusually large size of molecular complexes formed by PAMAM
dendrimers when dispersing C16 suggested a deviation from such an accepted scheme of
PAMAM. By further simulating two dendrimers interacting with multiple hydrocarbons
we found that C16 and G4 dendrimers formed a highly stable micelle structure across the
simulated temperature range (275–400K), in which a small C16 cluster was stabilized by
multiple dendrimers on the periphery; the system of PN and dendrimers, however,
consisted primarily of multiple PN molecules dispersed in the interior of single
dendrimers. These results not only explain the phenomena observed in our earlier
experimental studies37,99 but also illuminate the contrasting mechanisms of dendritic
polymers for oil dispersion, where both ligand-ligand and ligand-dendrimer interactions
contribute to conjure the dendrimer hosting capacity. Such dynamic capacity may serve
as a basis for a range of dendrimer applications in environmental remediation, water
purification, catalysis, and gene and drug delivery.

Dendrimers as surfactants
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From this study, we were entering the topic of dendrimers in biomedical
applications. Dendrimers are polymeric nanoparticles (NPs). Before discussing their
potential applications, we are starting with some basic concepts about NP-biomolecules
interactions. It is well established that NPs possess the capacity to interact with a myriad
of biomolecules, especially with proteins.31 And the NP-protein complex is terms as
nanoparticle-protein “corona”. Depending on the binding affinities, NPs may render a
“soft” or “hard” corona, which may be modulated by the environments. Exploring NPprotein interactions are critical to elucidate the origin of cytotoxicity.
This study served as nice example to demonstrate those concepts. Here, I
investigated the thermodynamics and reversibility of NP-protein interactions, two
important aspects which underpin the transformation, function and toxicity of NPs in
living systems. Specifically, our combined experimental and computational approach
demonstrated that lysozyme and ALact, two homologous proteins with similar structures
but distinct sequences and net charges, displayed drastically different binding affinities
for bAgNPs. The negatively charged ALact (-7e) exhibited a strong and irreversible
binding to bAgNPs, while the positively charged lysozyme (+7e) showed only a weak
and transient binding characterized by a distinct hysteresis, as reflected by the contrasting
trends in the hydrodynamic radius and average number of contacts of the NP-protein
mixtures. Both the CD measurement and DMD simulations revealed that binding to
bAgNPs had a minimal impact on the secondary structure of lysozyme but a strong effect
on the secondary structure of ALact. When compared with free ALact molecules, binding
to AgNPs induced significant losses in its secondary structure. As temperature increased,
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ALact did not dissociate from the AgNP while kept losing its structures, contributing to
the increased hydrodynamics radius of the NP-protein corona as observed in the DLS
experiment. The increase of the ALact hydrodynamics radius could also be induced by
the protein-mediated corona-corona binding. Taken together, protein denaturation in a
corona and inter-corona protein association resulted in the observed irreversibility of
bAgNP-ALact binding upon cooling.
Besides drug delivery, dendrimers could be applied as surfactants, which featured
another significance of this study. Due to the charge-“image” charge electrostatic
attractions, the AgNP surface can bind either positively or negatively charged molecules,
so that both bPEI and citrate can be used as the capping agents. Our DMD simulations
revealed that PEI molecules with a high number of cationic primary amines bound to
AgNP stronger than citrate. PEI molecules did not dissociate from the AgNP within a
wide range of temperatures while citrates already dissociated. Such strong binding
allowed a high capping density of PEIs on the AgNP surface, efficiently stabilizing the
AgNP from agglomeration. With a high number of PEI molecules covering the AgNP
surface that did not dissociate, protein binding with the AgNP was determined by the
physicochemical properties of the PEI capping agent, allowing the oppositely charged
ALact to bind to the AgNP favorably. This observation differs from the case of protein
binding with a citrate-capped AgNP,49 where weakly-bound citrates were rapidly
replaced by ubiquitin molecules upon competitive binding to the AgNP. Therefore, both
the surface chemistry and dynamic properties of ligands play an important role in protein
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binding and, thus, the corona formation. This new insight may prove valuable for guiding
nanomaterials design and synthesis.
Dendrimers inhibit protein amyloid aggregations
Many neurodegenerative diseases such as Alzheimer’s disease (AD), type 2
diabetes (T2D) and Parkinson’s disease (PD), are correlated with the cytotoxic
aggregation of a particular amyloidogenic protein or peptide.210. Inhibiting the selfassembly of those amyloidogenic protein or peptide may open opportunities to combat
those diseases.
In this study, I have demonstrated the remarkable effect of G3 PAMAM-OH
dendrimer on the inhibition of hIAPP aggregation. While hIAPP of micromolar
concentrations underwent rapid nucleation and elongation in aqueous, the presence of the
dendrimer effectively halted hIAPP polymerization. The molecular details of such
peptide-dendrimer interactions and their induced inhibition of peptide aggregation were
further revealed by DMD simulations, where the dendrimer bound to the amyloidogenic
regions of hIAPP monomers and impaired the formation of inter-peptide hydrogen bonds
and hydrophobic interactions between hIAPP dimers toward amyloid fibrillation.
When hIAPP-dendrimer were introduced to MIN6 and NIT-1 cells and mouse
islets, all cell lines and primary cells consistently exhibited significantly reduced
cytotoxicity compared with those exposed to hIAPP alone. This phenomenon was
attributed to the decreased zeta potential (and hence declined affinity) and stalled
fibrillation (and hence reduced perturbation) of the peptide for cell membranes upon
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dendrimer binding, as well as reduced cellular exposure of the oxidation-prone peptide
residues that were buried in the dendrimer. Taken together, G3 PAMAM-OH dendrimer
not only effectively hindered hIAPP aggregation in aqueous and in silico, but also
significantly mitigated the toxic effects of the peptides and their aggregates in vitro and
ex vivo. In practice, the high cost of G3 PAMAM-OH dendrimer may be circumvented by
the use of its analogue that is comparable in both structural and physicochemical
properties, the G3 hyperbranched bis-MPA polyester-32-hydroxyl polymer. This research
offers a novel strategy for targeting T2D as well as neurological disorders, and opens the
door to the screening and development of other classes of NPs and nanomedicines for
amyloid inhibition.
Future Directions
In this dissertation, we has seen great potentials of applying dendrimers in
biomedical applications. There are a lot of challenges still need to be addressed. For
instance, although we investigated dendrimers associating some proteins species, the
actual behavior of dendrimers in a biological body is largely unknown. In addition, we
may achieve some nice results from a lab condition, but further testing dendrimers in an
actual biological body might be leading to another story. Even we presume dendrimers
will be functional, we need to consider their degradations.
So my ongoing and future work related to this dissertation will primarily focus on
the immune response and in-body circulation of dendrimers. In particular, I will
investigated how dendrimers associating with serum proteins or enzymes such as human
serum albumin. Due to the system complexity, the current studies on the interactions
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between dendrimers and those large biomolecules are still far from satisfactory either
lacking molecular details or asking for a new models to better explain curtain
experimental observations.5,178,211–218 On the other hand, new dendrimers or dendritic
polymers with enhanced functionality and biocompatibility have been kept inventing. So
it is worthwhile to further testing them with biomolecules. As DMD simulations have
proven predictive power in modeling complicated molecular system, I will further
develop and applied DMD simulations to continue my dendrimer studies.
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Appendix A
Supporting Information for the study of
“Structure-Function relationships of dendrimers”

Figure A1. The total concentration of phenanthrene in water or dendrimer solutions as a function of
temperature averaged over 3 independent trials for each solution.

Figure A2. A representative simulation trajectory of Rg as function of time for a G4-NH2 dendrimer
(neutral pH), showing rapid relaxation (2 ns) and equilibration of the system with small thermal
fluctuations thereafter.
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Figure A3. The radius of gyration of NH2 terminated PAMAM dendrimers of generation 1-5, as a function
of temperature. Error bars correspond to standard deviations.
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A

B

Figure A4. The radial atom distribution (A) and radial density distribution (B) functions are calculated for
NH2-terminated dendrimers of various generations from G2 to G5. Density is computed as the number of
atoms per unit volume. The functions are averaged over time where the molecular systems reach
equilibrium. As the generation increases, the atom density near the core decreases.
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Figure A5. Radial density profile of G4-NH2 at low, neutral, and high pH, defined as completely
protonated, only primary amines protonated, and completely deprotonated, respectively. The error bars are
calculated from two independent DMD simulations. We observe a transition from “dense core” (<15 Å) at
high pH to “dense shell” (>15 Å) at neutral and low pH, in agreement with previous MD simulations20.
The average Rg values show modest changes in average size (see inset).
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Appendix B
Supporting Information for the study of
“Mechanisms of dendrimer-small molecules binding”

Figure B1. The binding probability per ligand, Pbind, was obtained by normalizing with the total number of
ligands for simulations of multiple ligands (x20) binding PAMAM (Fig. 2B). For comparison, Pbind, for
single hydrocarbon binding simulations was also included (dot lines).
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Figure B2. The radial density distributions of counter ions, Cl−, and protonated primary amines, –NH3+.
The center of the PAMAM core was used as the reference point, and the density was computed as the
number of atoms per unit volume with a distance bin size of 2.5 Å. The distributions were averaged over
time when the molecular systems reached equilibrium.
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Figure B3. The potential of mean force (PMF) of one C16 binding with one PAMAM dendrimer as the
function of the inter-molecular distance, r, at T = 300 K. The results were calculated from umbrella
sampling simulations using the WHAM method (Methods). The PMF minimum at the short r corresponds
to the bound state with a strong inter-molecular interaction. As r increases beyond the free energy barrier
around ~30 Å (corresponding to the termini of the dendrimer as calculated in Fig. S2), a decrease of PMF
occurs, resulting from increased translational degrees of freedom with the minimum around ~80 Å, half of
the simulation box size. Dot lines indicate the lowest free energy of bounded and unbounded states.

Table B1. Radius of gyration and ellipiticity of G4-PAMAM dendrimer. The DMD simulation was
performed at T=300K for 50 ns.
Radius of gyration, Å
Ellipticity

Liu et al.98 - SANS
21.4 (0.4)
Maiti et al.11 - MD
0.70 (0.04)
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This work
20.2 (0.6)
This work
0.73 (0.07)

Appendix C
Supporting Information for the study of
“Dendrimer as surfactant”

Figure C1. DLS measurement of bAgNP-lysozyme heated from room temperature to 71.4°C and cooled
back down to room temperature. (A) Hydrodynamic radius of lysozyme. (B, C) Hydrodynamic radius of
bAgNP-lysozyme versus temperature during heating for increasing NP:protein ratios. Lysozyme of 0.9
mg/mL (A-D). bAgNPs of 0.044 mg/mL (B) and 0.088 mg/mL (C, D). (D) Hydrodynamic radius of
bAgNP-lysozyme versus temperature during cooling. The diamond, triangles, squares and stars represent
data points obtained from different sample wells of the same conditions.
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Figure C2. DLS measurement of bAgNP-ALact heated from room temperature to 71.4°C and cooled back
down to room temperature. (A, B) Hydrodynamic radius of ALact during heating and cooling. (C, D)
Hydrodynamic radius of bAgNP-ALact versus temperature during heating and cooling. ALact: 0.9 mg/mL
(A-D). bAgNPs: 0.088 mg/mL (C-D). The diamond, triangles, squares and stars represent data points
obtained from different sample wells of the same conditions.
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Figure C3. The CD spectra of protein secondary structures in exposure to bAgNPs.
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Figure C4. The binding of capping molecules to an AgNP. (A) Two commonly-used capping molecules,
citrate and PEI, were studied in DMD simulations. The probability of forming contacts with the NP surface
in the simulations was calculated as a function of temperature. PEI displays a stronger binding to NP than
citrate because PEI requires a higher temperature to dissociate from the NP surface. The snapshot structures
of PEI (B) and citrate (C) bound to NP surface suggest that the strong binding of PEI is due to the
electrostatic interactions between the charged amines and their “image” charges.

Figure C5. The binding of multiple PEI molecules with an AgNP surface. The counter ions (green spheres)
are able to screen the electrostatic repulsion between highly charged PEI molecules (in stick
representation), so that multiple PEI molecules can cover the surface of the AgNP to prevent NP-NP
aggregation. In our simulations, eight generation-3 PEI dendrimers are able to cover an AgNP surface area
of 8.1×8.2 nm2. Both the top (A) and side (B) views of a PEI-capped NP structure in DMD simulations are
shown.
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Figure C6. (A) The representative structure of the folding intermediate of lysozyme obtained from DMD
simulations. Compared to the native structure (B), the intermediate corresponds to a loss in beta-sheets.
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Appendix D
Supporting Information for the study of
“Dendrimers inhibit protein amyloid aggregations”

Figure D1. TEM image of PAMAM-OH dendrimer, stained with 2% uranyl acetate and examined using a
Tecnai G2 F30 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at a voltage of 300
kV, under the same experimental conditions for acquiring Figures 1A-D.
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Figure D2. The number of contacts as a function of time between different molecular components (hIAPPhIAPP, hIAPP-Dendrimer) for ten independent DMD simulations of a G3 PAMAM-OH dendrimer binding
with two hIAPP peptides.
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Figure D3. G3 PAMAM-OH dendrimer protects NIT-1 β-cells from hIAPP-induced cell death at a
dendrimer/peptide molar ratio of 1:1. Incubation: 24 h. G3 PAMAM-OH dendrimer and hIAPP
concentrations: 10 µM. hIAPP was acquired from Abcam for this assay.

Figure D4. (A) Averaged binding frequency and (B) averaged number of atomic contacts between a G3
PAMAM-OH dendrimer and individual residues of hIAPP dimer.
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